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EFFECT OF POLYAMINE-DEFICIENT CHOW ON TRYPANOSOMA BRUCEI BRUCEI 
INFECTION IN RATS 
Kazuhiko Nishimura, Takako Yanase, Hiroshi Nakagawa, Saburo Matsuo, Yoshihiro Ohnishi, and Shinji Yamasaki 
Laboratory of Infectious Diseases Control, Graduate School of Life and Environmental Sciences, Osaka Prefecture University, Sakai, Osaka 599-
8531, Japan. e-mail: nisimura@vet.osakafu-u.ac.jp 
ABSTRACT: Polyamines are essential for proliferation of Trypanosoma brucei brucei, and feeding rats polyamine-deficient chow (PDq 
decreases their blood polyamine concentrations. Proliferation of T. b. brucei (IL-tat 1.4 strain) (IL) is not restrained within PDC-fed 
rats. However, symptoms of IL-infected rats such as anemia decrease by PDC feeding. We reported cytokine and nitric oxide (NO) 
production of T. b. gambiense (Wellcome strain [WS]}-infected rats were affected by PDC feeding, and WS proliferation was 
restrained. Therefore, we investigated whether the change in production of cytokines and NO by PDC feeding affects IL proliferation 
and decreases symptoms in vivo. In IL-infected PDC-fed rats, NO, interleukin (IL)-12, and tumor necrosis factor-Q( production 
increased while interferon-y and IL-lO decreased compared to normal chow-fed rats. IL proliferation was restrained by NO production 
when it was co-cultured with spleen cells harvested from uninfected rats. In contrast, IL proliferation in infected rats was not changed 
by PDC feeding, although NO production was increased. The results suggest that changes in cytokines and NO production in IL-
infected rats by PDC feeding have little influence on IL proliferation. However, they may serve to decrease symptoms. 
Polyamines are essential for proliferation of Trypanosoma brucei 
brucei, and methods for obtaining polyamines are different for 
different strains (Bacchi et ai., 1980; Giffin, 1988; Gonzalez et ai., 
1992; Mutomba et ai., 1999). Polyamine synthesis is the target of a 
number of trypanocidal drugs (Bacchi et ai., 1980; Heby et ai., 
2007). In a previous study we reported that proliferation of 
Trypanosoma brucei gambiense (Wellcome strain [WS]) also relates 
polyamines that are synthesized and supplied extracellularly, while 
T. b. brucei (IL-tat 1.4 strain) (IL) uses only polyamines synthesized 
intracellularly (Nishimura et ai., 2001, 2006). Polyamines originat-
ing from absorption via the small intestine are an important source 
of blood polyamines (Bardocz, 1993). The quantity of polyamines 
ingested from the diet can be reduced by feeding polyamine-
deficient chow (PDC),. Therefore, proliferation of the WS is 
restrained in PDC-fed rats (Nishimura et ai., 2001, 2006). PDC 
feeding also influences activity of ornithine decarboxylase (ODC), 
production of nitric oxide (NO), and production of cy1;okines such 
as interleukin (IL)-lO, IL-12, interferon (IFN)-y, and tumor 
necrosis factor (TNF)-ex (Nishimura et ai., 2008). 
However, it is not clear whether these phenomena are related to 
lower WS proliferation or to the decrease of po1yamines supplied 
to the host. PDC feeding does not affect proliferation of IL, but 
reduces anemia and weight loss in the host. As a result, PDC-fed 
rats survive longer than rats with IL infections fed normal chow 
(NC) (Nishimura et ai., 2006). Anemia is one of the major 
symptoms in trypanosomiasis, and there are various reports 
regarding its cause (Esievo et ai., 1982; Igbokwe et ai., 1994; 
Mabbott and Sternberg, 1995). Accumulation of polyamines in 
red blood cells (RBCs) leads to fragility of the cell membrane 
(Tsuji and Ohnishi, 1986; Quemener et ai., 1996). We also 
reported that when NC-fed rats are infected with the bereni1-
resistant WS strain (BR), the increase in polyamines in RBCs 
weakens the osmotic resistance of RBC membranes, leading to 
anemia (Nishimura et ai., 2001). In contrast, those changes never 
occur in PDC-fed rats infected with BR and NC-fed rats infected 
with WS (Nishimura et ai., 2001). 
It is not clear that changes in cytokines, NO production, and 
polyamine content of RBCs caused by PDC feeding are related to 
anemia in IL-infected rats. In the present study, we examined how 
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PDC affects IL proliferation and reduced anemia in IL-infected 
rats with regard to cytokines and NO production. 
MATERIALS AND METHODS 
Materials 
PDC was purchased from the Oriental Yeast Co. (Osaka, Japan). The 
preparation and composition of PDC have been described previously 
(Nishimura et aI., 2001). Commercially available solid rat chow (Oriental 
Yeast Co.) was used as the NC. Iscove's modified Dulbecco's medium 
(IMDM) was purchased from Invitrogen Corp. (Carlsbad, California). 
Primers for real-time reverse transcription-polymerase chain reaction (RT-
PCR) were purchased from Genedesign Co. (Osaka, Japan). To amplify 
rat mRNA, we designed the following pairs of primers: 5'-
TTTTGCGGATTGCCACTGA'-3' and 5'-GCTCTTTTGCCCGTTCC-
AA-3' for ODC mRNA, spanning positions 614 to 718 (Hillary and 
Pegg, 2003); 5 '-CCTGGCTCAGCACTGCTATG-3 , and 5'-ACTGG-
GAAGTGGGTGCAGTT-3' for IL-lO mRNA, spanning positions 5 to 
105 (Goodman et aI., 1992); 5'-AGACCCTGCCCATTGAACTG-3' and 
5 '-TGGGTCCGGTTTGATGATGT-3 , for IL-12 mRNA, spanning 
positions 621 to 721 (Gulko et aI., 1998); 5'-TGTCATCGAATCG-
CACCTGA-3' and 5 '-TCTGTGGGTTGTTCACCTCG-3 , for IFN-y 
mRNA, spanning positions 288 to 388 (Visse et aI., 1999); 5'-
CGAGATGTGGAACTGGCAGA-3' and 5'-ACGAGCGGGAATGA-
GAAGAG-3' for TNF-Q( mRNA, spanning positions 22 to 122 (Estler et 
aI., 1992); and 5'-GACACAGTGTCGCTGGTTTGAA-3' and 5'-
AGGCTAACAAGACCCAAGCCTG-3' for inducible nitric oxide syn-
thase (iNOS) mRNA, spanning positions 25 to 125 (Stasiolek et aI., 2000). 
The primers 5' -GCACCACCAACTGCTT AGCC-3' and 5' -CTGAGTGG-
CAGTGATGGCAT-3' were selected for amplification of rat glyceralde-
hyde phosphate dehydrogenase (GAPDH) mRNA (positions 342 to 442 
based on the report of Tajima et aI., 1999). Standard laboratory chemicals 
and reagents were purchased from Wako Pure Chemical Co. (Osaka, Japan). 
Preparation of trypanosomes 
Trypanosomes stored in liquid nitrogen were thawed and sub-cultured in 
vitro as described previously (Nishimura et aI., 2001, 2004). Trypanosomes 
were cultured in modified IMDM containing 100 11M hypoxanthine, 30 11M 
thymidine, 40 11M adenosine, 1 mM'sodium pyruvate, 50 11M L-glutamine, 
100 11M 2-mercaptoethanol, 200 11M L-alanine, 100 11M glycine, 20 11M L-
omithine-HCI, 10 11M L-citrulline, and 5% fetal bovine serum in 95% O2 and 
5% CO2 at 37 C. When trypanosomes reached a concentration of 106 cells! 
ml, 25 III of the trypanosome suspension was sub-cultured in 500 III of new 
medium. The number of trypanosomes was determined every 24 hr using 
light microscopy. 
Animals 
Experiments were carried out using 8-wk-old male Wistar rats (Nippon 
SLC Co., Shizuoka, Japan). Each experimental group comprised 4 rats, 
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which were supplied with food and water ad libitum. Rats were 
maintained at 25 C under a 12-hr light cycle starting at 0600 hr. Rats 
were fed PDC beginning 2 wk before injection of 11. After infection by 
subcutaneous inoculation of 106 trypanosomes in phosphate-buffered 
saline (PBS) per rat, blood was collected from the tail vein at 0800 hr every 
day. Using these blood samples, the number oftrypanosomes was counted 
using light microscopy and measured packed cell volume. In control 
experiments, rats were inoculated with the same volume of PBS. Blood 
samples were also collected from the abdominal aorta using a heparinized 
syringe at 6 days post-infection (PI), after which the rats were killed. Six 
days PI is the first day when the packed cell volume significantly decreased 
in NC-fed rats compared to PDC-fed rats. These blood samples were 
immediately cooled to 4 C and used for osmolar tolerance experiments' 
heparinized plasma was prepared by centrifugation at 900 g for 10 min: 
RBCs from pellets were washed twice by PBS and used for measuring 
polyamine content. Trypanosomes were separated from white blood cells 
by chromatography on DEAE-cellulose (DE-52; Whatman, Maidstone, 
England) as described previously (Nishimura et aI., 2001). Separated 
trypanosomes were used for determination of ODC activity and 
polyamine content. 
The fragility of RBC 
RBC tolerance to osmotic pressure was used to evaluate their fragility 
(Kanal, 1993). Two-milliliter aliquots of 0.1-0.85% PBS in intervals of 
0.05% were mixed with 20 1-11 of blood. Mixtures were held at room 
temperature for 30 min before centrifugation at 700 g for 5 min. 
Absorbance of the supernatants was read at 540 nm in a spectrophotom-
eter (UV-160A, Shimazdu, Kyoto, Japan). 
Spleen cell preparation and co-culture with IL 
Spleens were removed aseptically from uninfected rats after they were 
killed, and spleen cells were prepared as described previously (Nishimura 
et aI., 2004). Spleen cells were resuspended in 2.0 X 105 cells/ml and used 
for RT-PCR or were employed for the co-culture experiment. 
Spleen cells from uninfected rats were resuspended in 2.0 X 105 cells/ml 
in modified IMDM con,taining 5% fetal bovine serum (FBS) and used for 
the co-culture experiment. IL cells were resuspended to 2.0 X 104 cells/ml 
in the same media. Then, 0.5 ml of spleen and 0.5 ml ofIL cell suspensions 
were mixed in 24-well microplates and cultured in 5% CO2, at 37 C for 
24 hr: Aft~r 24 hr, culture supernatants and cells were separated by 
centnfugatlOn, then supernatants were collected, and N02 concentrations 
were measured. Spleen cells collected from individual rats were used to 
duplicate the co-culture experiment. 
Determination of concentrations of cytokines and N02 
Concentrations of IL-12, IL-IO, TNF-cr, and IFN-y in heparinized 
plasma were determined using an ELISA kit (Biosource International, 
Camarillo, California). 
The concentration of N02 in the culture media or heparinized plasma 
was determined spectrophotometrically at 540 nm after reaction with the 
Griess reagent (Hageman and Reed, 1980). Heparinized plasma from each 
rat and culture media from each well was measured twice. 
Quantification of mRNA expression 
RNA was extracted from pellets of spleen cells harvested from rats 
using the Gen Elute Mammalian total RNA kit (Sigma-Aldrich, St. Louis, 
Missouri). Concentrations of extracted RNA were measured by absor-
bance (260 nm) for preparation of PCR mixtures. mRNA levels were 
determined by real-time RT-PCR using SuperSCRIPT Cyber Green One-
Step RT-PCR with Platinum Taq (Invitrogen) and an ABI Prism 7000 
(Applied Biosystems, Foster City, California). The PCR program was as 
follows: 50 C for 3 min, then 95 C for 5 min, 50 cycles of 95 C for 15 sec 
and 60 C for 30 sec, then 40 C for ~ min. After PCR, a dissociation curve 
was constructed to confirm that the product was unitary. GAPDH mRNA 
was used as an expression control, and the level of each mRNA was 
calculated relative to GAPDH mRNA. Finally, mRNA expressions were 
compared with those in the uninfected group for each experiment. Each 
RNA sample was measured twice, and mRNAs of cytokines, iNOS, ODC, 
and GAPDH were measured with the same sample. 
Determination of ODC activity 
ODC activity was measured using the method as described previously 
(Nlshl.mura et. al.,. 2006). Trypanosomes were centrifuged, and the pellet 
was dIssolved m dIstIlled water. The disrupted trypanosomes (20 1-11) were 
mIxed WIth 70 1-11 of ODC buffer (2.5 mM dithiothreitol, 20 mM 
pyridoxial-5-phosphate, 20 mM NaH2P04, and L-ornithine·HCI, 
pH 7.2) and 10 1-11 of 0.5 mM diclolohexylamine, an inhibitor of 
spermidine synthesis, and incubated at 37 C. After 2 hr the reaction was 
te~inated by the addition of 0.5 N HCI04 and centrifuged at 6,400 g for 
5 mm. The amount of putrescine generated in the supernatant was 
measured by HPLC as an index of ODC activity. 
Quantification of polyamines 
The high-pressure liquid chromatography (HPLC) method used for 
quantifying polyamines (putrescine, spermidine, and spermine) has been 
described previously (Nishimura et aI., 2001). First, 0.3 ml of heparinized 
plasma and 0.3 ml of spleen cell or trypanosomes suspensions were mixed 
with 3 volumes of ice-cold 1.66 N HCI04 . Polyamine content was then 
determined by separation of ion pairs formed with n-octanesulfonic acid 
on. a reversed-phase column attached to an HPLC system (LC-6AD; 
Shm~adzu). Apre-column (STR ODS-2; 10 rom X 4.6 mm i.d.; Shimadzu) 
was mcluded m the system, and separation was carried out using an STR 
ODS-M column (150 mm X 4.6 mm i.d.; Shimadzu). Each sample was 
measured twice. 
Elution was performed at 40 C using a gradient of acetonitrile in buffer 
solution (5 mM NaHP04 ·2H20; 5 mM I-octanesulfonic acid, sodium 
salt; 100 mM sodium perchlorate monohydrate; 3.5 mM phosphoric acid; 
pH 2.6) at a flow rate of I ml/min. Effluent from the column and the 0-
phthalaldehyde-2-mercaptoethanol reagent (384 mM Na2C03, 219 mM 
H3B03, 108 mM Na2S04, 1.86 mM o-phthalaldehyde, 0.056% [w/v] 2-
mercaptoethanol) were mixed at a ratio of 1.0:0.3, and the mixture was 
read at 455 nm with excitation at 345 nm on a spectrofluorometer (RF-
535; Shimadzu). Limits of detection were as follows: 0.1 nmol!ml for 
putrescine, and 0.05 nmol/ml for both spermidine and spermine. 
Retention times were 12.2 min for putrescine, 22.9 min for spermidine, 
and 25.5 min for spermine. 
Statistical analysis 
Student's t-test was used to test for statistical significance. 
RESULTS 
The PDC feeding extended the survival of IL infection rats 
(Fig. IA) and restrained a fall in packed cell volume (Fig. lB). 
However, the increase of number of blood trypanosomes was not 
affected by the PDC feeding (Fig. IA). Levels of iNOS mRNA 
expression in spleens of PDC-fed IL-infected rats (Fig. 2A) and 
N02 concentrations of spleen cells harvested from PDC-fed rats 
co-cultured with IL were significantly higher than those of NC-
fed rats. These results suggest that PDC feeding induces high NO 
production in IL-infected rats. 
NO production increased in spleen cells harvested from PDC-
fed uninfected rats by co-culturing with IL (Fig. 2B), and IL 
proliferation in vitro was restrained (Fig. 2C). Nitro-L-arginine 
methyl ester (L-NAME), which is a NOS inhibitor, inhibited NO 
production and obstructed the inhibitory effect of NO in IL 
proliferation in vitro (Fig. 2C). Figure 3 shows the influence of 
PDC feeding on cytokines' mRNA expression and concentration 
of serum cytokines in IL-infected rats. Expression of IL-12 and 
TNF-IX in PDC-fed rats was higher than in NC-fed rats. In 
contrast, expression of IFN-y and IL-lO in PDC-fed rats was 
lower than in NC-fed rats. Serum concentrations of those 
cytokines paralleled the expression of their respective mRNAs. 
At 4 days PI, mRNA expression levels and serum concentrations 
of all 4 cytokines increased in both PDC-fed and NC-fed rats 
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indicate death. 
(data not shown). ODC mRNA expression in PDC-fed uninfected 
rats was higher than in NC-fed rats (Fig. 4A). The ODC activity 
of spleen cells paralleled its mRNA expression in unitifected and 
infected rats, respectively (data not shown). Despite the fact that 
serum polyamine concentrations ofPDC-fed rats were lower than 
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those of NC-fed rats (Fig. 4B), the polyamine content of RBCs 
(Fig. 4C), and the tolerance for hypoosmotic pressure of RBCs 
(Fig. 4D) harvested from PDC-fed rats, were the same as those of 
NC-fed rats when uninfected with IL. IL infection increased ODC 
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mRNA expression only in NC-fed rats, not in PDC-fed rats 
(Fig. 4A). IL infection in NC-fed rats caused the polyamine 
content in RBCs to increase (Fig. 4C) and tolerance for 
hypoosmotic pressure to decrease (Fig. 4D). 
The effect ofPDC feeding on IL and WS that infected a rat was 
different (Fig. 5). Polyamine synthesis (Fig. SA) and polyamine 
content (Fig. 5B) of IL were not changed by PDC feeding. These 
data support the notio.n that IL proliferation in infected rats is not 
affected by the PDC feeding. Polyamine synthesis of WS was 
increased by PDC feeding, though polyamine content of WS-
harvested PDC-fed rats was lower than NC-fed rats (Fig. 5B). 
DISCUSSION 
Polyamines are synthesized intracellularly, but polyamines 
present in food and synthesized by microflora in the intestinal 
lumen can be absorbed via the gut wall (Bardocz, 1993). 
Decreases in the blood polyamine concentration by PDC feeding 
controls the progress of trypanosomiasis in rats. PDC feeding in 
WS-infected rats not only restrains trypanosome proliferation, 
but also changes the immune response and polyamine metabo-
lism, and reduces symptoms (Nishimura et aI., 2008). Since IL 
needs only the polyamines synthesized intracellularly to prolifer-
ate, PDC feeding has no influence on IL proliferation. However, 
symptoms of trypanosomiasis in IL infection decrease with PDC 
feeding (Nishimura et aI., 2006). In the present study, we 
confirmed that IL proliferation was not affected by PDC feeding 
and that anemia caused by IL infection was attenuated. 
It has been reported that NO has a trypanocidal effect (Gobert 
et aI., 2000; Duleu et aI., 2004). Production of NO in vivo and in 
vitro by IL infection increased by PDC feeding as well as by WS 
use. We confirmed that spleen cells harvested from PDC-fed rats 
had more NO production than those harvested from NC-fed rats 
co-cultured with IL. We also confirmed that NO production 
inhibited IL proliferation in vitro. Therefore, it is obvious that 
NO has a trypanocidal effect on IL. However, NO production in 
PDC-fed rats did not suppress IL proliferation in vivo. These data 
suggest that there are few trypanocidal effects of NO with IL-
infected rats. 
It has been reported that T. b. bruce i-resistant mice increased 
IL-12 and TNF-IX production and decreased IL-IO production by 
trypanosome infection (Kaushik et aI., 2000). The tendency for 
production of these cytokines in PDC-fed rats was similar to that 
in resistant mice. Therefore, it seems that the change in immune 
response of IL-infected rats by PDC feeding is related to a 
reduction in symptoms due to resistance. However, increase in 
production of TNF-IX and IFN-y by infection induced excessive 
immune response and increased pathology and mortality (Shi et 
aI., 2006; Stijlemans et aI., 2007). Furthermore, it has been also 
reported that increase in IL-IO contributed to relaxation of 
symptoms of African or American trypanosomiasis (Hunter et aI., 
1997; Shi et aI., 2006). In the present study, both IFN-y and IL-IO 
in IL-infected PDC-fed rats were lower than NC-fed rats. The 
same results were obtained in WS-infected PDC-fed rats 
(Nishimura et aI., 2008). It has been reported that low production 
of IFN-y and IL-IO did not influence symptoms of trypanosome 
infection (Shi et aI., 2006). Therefore, it is thought that the 
balance of IFN-y and IL-IO is important in resistance for the 
trypanosome infection. There has been a report that a fall in the 
IL-lO/IFN-y ratio raised resistance in Trypanosoma cruzi infec-
tion (Nagib et aI., 2007). A ratio ofIL-lO to IFN-y ofIL-infected 
PDC-fed rats was lower than NC-fed rats in this study, and a 
change of the balance ofIFN-y and IL-IO may have been related 
to the symptom as anemia. 
TNF -IX has a cytotoxic effect and is related to symptoms of 
trypanosome infection (Naessens et aI., 2005; Stijlemans et aI., 
2007). PDC feeding restrained anemia by IL infection, while 
TNF-IX production was increased by PDC feeding. It is thought 
that there is a prevention effect for the anemia to exceed the 
action of TNF-IX in PDC feeding. Control of nutrition such as 
PDC feeding influences various metabolic activities, including the 
immune system and polyamine metabolism in rats. ODC activity, 
a rate-determining step of polyamine synthesis, was promoted in 
NC-fed rats infected with IL and serum polyamine concentrations 
and RBC polyamine contents increased by infection. However, 
PDC feeding prevented ODC activity from accelerating in IL-
infected rats. The accumulation of polyamines in RBCs alters 
their surface characteristics (Ballas et aI., 1983; Tsuji and Ohnishi, 
1986) and is related to lysis of RBCs in the spleen (Tsuji and 
Ohnishi, 1986; Quemener et aI., 1996), leading to anemia. 
Tolerance for hypoosmotic pressure of RBCs weakened, and 
anemia occurred only in IL-infected NC-fed rats. These results 
suggest that restriction of polyamine synthesis by PDC feeding in 
IL-infected rats might be related to the control of anemia. It has 
been reported that an increase in NO production and a decrease 
in IL-lO, IFN-y, and TNF-IX production are related to an increase 
in erythropoiesis (Macdougall and Cooper, 2002; Cooper et aI., 
2003). The same changes in NO, IL-lO, and IFN-y by PDC 
feeding were observed in this study. The changes in cytokines and 
NO production by PDC feeding may be related to a decrease in 
symptoms such as anemia. 
The results of the parasitemia and content of polyamines, an 
index of cell proliferation activity, suggest that the proliferation of 
the IL in infected rats is not affected by the PDC feeding. In 
contrast, proliferation of WS was affected by PDC feeding, as 
indicated in our previous report (Nishimura et aI., 2008). 
Although the polyamine synthesis of WS was activated by PDC 
feeding, the polyamine content of WS was low, and proliferation 
was restrained. It is thought that the change of the immune 
response in the WS infection to occur by PDC feeding is related to 
the restraint of the proliferation of WS, and vice versa. In the 
present study, we showed that PDC feeding in IL-infected rats 
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changed cytokine production and promoted NO synthesis as well 
as in WS infection. Therefore, it was thought that the change of 
the immune response was induced by PDe feeding and was not 
caused by the restraint ofWS proliferation. Because PDe feeding 
influenced polyamine metabolism in WS and not IL, it is thought 
that the main cause of restraint in WS proliferation is a decrease 
in blood polyamine concentration induced by PDe feeding. It 
appears that a reduction of serum polyamine concentration by 
PDe feeding is also related to the inhibition of anemia in IL-
infected rats. However, it is unknown how changes in polyamine 
metabolism in rats, induced by PDe feeding, influence cytokines 
and NO production in IL or WS infections. Moreover, the 
mechanism of restriction of ODe activity by PDe feeding in IL 
or WS infections is unclear. Further studies should examine the 
role of polyamine metabolism in the production of cytokines and 
NO with regard to the symptoms of trypanosomiasis. 
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MODERATE ECHINOSTOMA TRIVOL VIS INFECTION HAS NO EFFECTS ON PHYSIOLOGY 
AND FITNESS-RELATED TRAITS OF LARVAL PICKEREL FROGS (RANA PALUSTRIS) 
Sarah A. Orlofske*t, Lisa K. Belden:):, and William A. Hopkins*§ 
* Department of Fisheries and Wildlife, Virginia Tech, Blacksburg, Virginia 24061. e-mail: hopkinsw@vt.edu 
ABSTRACT: High intensity infections of Echinastama trivalvis metacercariae decrease survival and growth of young amphibian larvae. 
However, in nature, parasites are highly aggregated, which results in a large proportion of the amphibian population being only 
moderately infected. Survival and growth responses at these more-common, low-infection levels remain poorly studied. Thus, we 
investigated the effects of moderate Echinastama trivalvis metacercariae infection (following exposure to 0, 10,30, or 90 cercariae) on 
the growth and development of pickerel frog (Rana palustris) tadpoles. We measured metabolism to determine whether increased 
energy expenditure is a potential physiological mechanism underlying previously documented reduced growth. Furthermore, we 
quantified tadpole intestine size, which can exhibit plasticity in response to changing metabolic demands, and we characterized 
metacercariae distribution in tadpole kidneys. Metacercariae encysted in the pronephros significantly more than in the mesonephros, 
but tended to occur equally in right and left kidneys. Two mo post-infection (PI), there were no changes in tadpole survival, 
development, intestine size, or growth related to metacercariae infection. Similarly, metacercariae did not significantly increase 
metabolic rates during encystment or at I mo PI. Our study demonstrated that modest E. trivalvis infections, representative of a large 
proportion of the host population, had no detectable effects on fitness-related traits in laboratory isolation from other ecological 
variables. 
Worldwide amphibian population declines and amphibian 
malformations have motivated a great deal of research on 
amphibian-parasite interactions (Johnson et a!., 2001, 2002; 
Daszak et a!., 2003). The trematode parasite Ribeiroia ondatrae, 
which infects larval amphibians as second intermediate hosts, has 
been linked with widespread limb malformations among a number 
of species (Johnson and Sutherland, 2003). Because of reduced 
survivorship of malformed amphibians, and the potentially 
impaired fitness of survivors, infection with R. ondatrae may 
contribute to amphibian population declines (Johnson et a!., 1999; 
Johnson and Lunde, 2005). Echinostoma trivolvis, another trema-
tode using larval amphibians as intermediate hosts, has also been a 
current research focus. Field studies characterizing parasitism in 
amphibian populations recently classified E. trivolvis metacercariae 
infection as a possible emerging disease of urban greenfrogs (Rana 
clamitans) because of the occurrence of high-intensity infections in 
some individuals (Skelly et a!., 2006; Holland et a!., 2007). In the 
laboratory, high infection levels (>50 metacercariae for a I-time 
infection) of E. trivolvis can significantly reduce survival and 
growth in early developmental-stage tadpoles (e.g., Gosner 
developmental stage 24-25), particularly when recently hatched 
or within the beginning of early developmental stages (Gosner, 
1960; Fried et a!., 1997; Schotthoefer et a!., 2003; Holland, 2007). 
However, macroparasites are often highly aggregated in nature, 
with a few individual hosts harboring high infections while the 
majority of the host population possesses much lower parasite 
burdens (Shaw et a!., 1998). This aggregation of parasites likely 
occurs in populations of tadpoles, but the effects of more common, 
modest levels of infection on growth, development, and compet-
itive ability have only recently been investigated (Koprivnikar et 
a!., 2008) and require additional examination. Furthermore, 
seasonal timing of infection associated with amphibian life histories 
should also be addressed (Schotthoefer et a!., 2003). The 
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occurrence of infective cercariae will change throughout the 
developmental period of amphibians, often increasing throughout 
the season (Peterson, 2007). Thus, early developmental-stage 
tadpoles generally would have low infections while older, larger, 
more-developed tadpoles would have higher infections coinciding 
with peak cercariae abundance (Peterson, 2007). Such infections 
that occur later in larval ontogeny are an important consideration 
because sensitivity to E. trivolvis decreases with age and size 
(Schotthoefer, 2003; Holland, 2007). 
The physiological impact of trematode infection on amphibians 
has also received limited attention (Martin and Conn, 1990; 
Holland et a!., 2007). However, a change in growth and survival 
implies impairment of physiological or behavioral processes, or 
both. The renal inflammation induced by E. trivolvis metacercariae 
encysting within amphibian kidneys (Faeh et a!., 1998) potentially 
disrupts kidney function. The presence of edema following 
cercariae exposure (Beaver, 1937; Fried et a!., 1997; Holland, 
2007) supports the notion that kidney dysfunction occurs following 
encystment of metacercariae (McClure, 1919). Encystment of E. 
trivolvis within kidneys is critical because this organ contributes 
significantly to the standard metabolic rate (SMR; the basal daily 
metabolism of a post-absorptive, resting ectotherm) of amphibians 
(Steyermark et a!., 2005). Kidney dysfunction may lead to increases 
in metabolic demands that could impair growth. However, 
metabolism has rarely been characterized because metacercariae 
have frequently been considered a relatively metabolically inactive, 
dormant stage (Fried, 1997). In other systems where effects of 
metacercariae have been investigated, host metabolism has been 
altered. For example, newly acquired Uvulifer ambloplitis metacer-
cariae increased the oxygen consumption of juvenile bluegill 
sunfish (Lepomis macrochirus) during encapsulation in the host 
muscle tissue (Lemly and Esch; 1984; Esch et a!., 2002). 
Higher metabolic rates caused by parasites may require hosts to 
spend additional time foraging to meet increased energy demands; 
however, phenotypic changes to increase the rate and efficiency of 
digestion may offset these increased feeding requirements. 
Tadpoles demonstrate remarkable plasticity in intestine size and 
length in response to predator presence and altered density 
(Relyea and Auld, 2004). Increasing the time food spends in the 
digestive system, by increasing the size of intestines, could 
increase digestive efficiency (Sibly, 1981). Organ size plasticity 
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caused by parasItism has been documented in other taxa, 
including mammals (Kristan and Hammond, 2000; Schwanz, 
2006), but has not been examined in amphibians. 
To examine whether moderate E. trivolvis infection can affect 
amphibian physiology and fitness-related traits, we exposed 
pickerel frog (Rana palustris) tadpoles to 0-90 cercariae at ages 
and developmental stages that approximate natural transmission 
conditions. We monitored survival, growth, and development, as 
well as oxygen consumption, to determine whether infection alters 
metabolic demands. We also measured intestine sizes to determine 
whether phenotypic changes occurred in response to parasite 
infection. We also quantified encystment rates and location of 
metacercariae within the tadpole nephric system, factors which 
may differ based on initial infection level. Our prediction was that 
E. trivolvis metacercariae would raise the metabolism of infected 
tadpoles, and result in reduced growth and development, while 
also eliciting an increase in intestine size to compensate for 
increased energetic costs. 
MATERIALS AND METHODS 
Parasite collection and maintenance 
On 11 April 2007 and 5 May 2007, E. trivalvis-infected Planarbella 
trivalvis snails were collected from a pond approximately 30 km from the 
Virginia Tech campus (Montgomery County, Virginia). Previous research 
at this location confIrmed the identity of host and parasite species (Belden, 
2006). Snails were maintained individually in 120-ml cups fIlled with 90 ml 
of dechloraminated (ChlorAm-X®, AquaScience Research Group, Inc., 
North Kansas City, Missouri) tap water at 22-24 C under diffuse 
overhead fluorescent lights. Snails were fed lettuce ad libitum, supple-
mented with Tetra-Min fIsh food (Tetra Holding U.S., Inc., Blacksburg, 
Virginia) (Schmidt and Fried, 1996a). Complete water changes occurred 
once a week. Echinastama trivalvis infection was confIrmed in the 
laboratory, immediately· after collection, by placing individual snail cups 
20 cm below a 60W incandescent light bulb and microscopically 
eXanIining the shedding cercariae (Schmidt and Fried, I 996b). Infected 
snails were maintained throughout the experiment (end of May, 2007) at a 
low temperature (15-17 C) to prevent shedding and re-infection of the 
snails by the emerging cercariae. 
Amphibian collection and husbandry 
In March 2007, 10 freshly laid R. pa/ustris egg masses were collected 
from Arcadia, Virginia (Botetourt County) and transported to the 
laboratory in coolers. Individual egg masses were gradually transferred 
from pond water to a 3:1 mix of dechloraminated tap water (62 mglL 
CaC03) and well water (364 mglL). This mixture was necessary to reach 
acceptable hardness levels (172 mglL CaC03). 
Ten fertilized eggs, with intact jelly coats, were separated from each egg 
mass and mixed to produce a group of 100 eggs. This procedure was 
repeated 10 times to produce 10 groups with similar genetic variation. The 
egg groups were maintained in 2-L glass beakers containing the same 3:1 
mix of dechloraminated tap water and well water. Eggs hatched 12 days 
later, and the resulting tadpoles were eXanIined for malformations. Sixty-
six morphologically normal tadpoles from each of the original 10 groups 
were then transferred to 10 outdoor mesocosms, where they were 
maintained until they reached a size and developmental stage suitable 
for experiments (see next section for size and developmental stages used). 
Mesocosms were constructed from 1,500-L stock tanks fIlled to 
approximately 1,000 L of a 1:1 mixture of dechloraminated tap water 
and well water. Each mesocosm received 1 kg of air-dried oak leaf litter 
and 17 g of ground rabbit chow (Purina®, LM Animal Farms®, The Hartz 
Mountain Corporation, Secaucus, New Jersey). Twenty-two days prior to 
introducing tadpoles to each mesocosm, aquatic communities were 
established by adding 1.5 L of fIltered pond water. Filtration through a 
200-J.llTI sieve excluded predators. Tanks were covered with plastic mesh to 
prevent colonization by either predators or competitors during the 
experiment. 
All experimental procedures were performed in the laboratory on 
tadpoles collected from the mesocosms. During the experimental period, 
tadpoles were maintained at 22 C in an environmental chamber with a 
12:12-hr day:night cycle. Each tadpole was housed individually in a 4-L 
plastic shoebox randomly placed on shelves and fIlled with 2 L of 
dechloraminated tap water. Rations consisted of a 3:1 mixture of ground 
rabbit chow and Tetra-Min® Flake fIsh food in the amount of 10% of 
body mass per day. We expected a negative effect on growth and 
development at this feeding level because previous laboratory infection 
studies using similar (Holland et aI., 2007), or more generous (ad libitum), 
rations (Fried et aI., 1997) reported effects on survival, growth, and 
development. Every 2-3 days, 50% water changes were performed. 
Experimental design 
Tadpoles for the laboratory experiment were selected from mesocosms at 
developmental stages 26-28 (Gosner, 1960; mean mass ± SD = 0.46 ± 
0.07 g) based on a high likelihood of successful parasite encystment 
(Schotthoefer et aI., 2003). Four cercariae-exposure treatments were used: 0 
(control), 10, 30, and 90 cercariae. However, respirometry measurements 
could only be completed on 8 individuals at a time. Therefore, we tested 2 
individuals in each treatment, each day, for 6 consecutive days, ultimately 
producing 12 tadpoles per treatment for respirometry measurements. To 
obtain individuals for exposures, each day we collected a single tadpole from 
each of the 10 mesocosms. From this pool of 10 tadpoles, 8 were randomly 
chosen and 2 were assigned to each of the 4 cercariae-exposure treatments. 
Tadpoles were exposed to cercariae concurrently with oxygen con-
sumption measurements. Treatment levels (10--90 cercariae) were unlikely 
to result in mortality and edema (Fried et aI., 1997) and were within the 
lower end of the natural range of infections (Fried and Bradford, 1997; 
Skelly et al., 2006). Cercariae used for experiments were those shed from 
the snails in the morning corresponding to greatest shedding (Kanev et aI., 
1995), just prior to tadpole exposure. Cercaria shedding was induced by 
placing snails in small cups approximately 20 cm below a 60W 
incandescent light bulb (Schmidt and Fried, 1996b). Appropriate numbers 
of cercariae were collected, using a glass pipette, and dispensed into 100-ml 
glass culture bottles containing 80 ml of aerated dechloranIinated tap 
water to which a tadpole was then added. For the control treatment, 
tadpoles were added to bottles that did not contain cercariae. The bottle 
size and water volume were chosen to discourage evasive tadpole 
movement and to ensure maximal encystment rates (Kiesecker, 2002; 
Taylor et aI., 2004; Belden and Kiesecker, 2005). Bottles were sealed and 
connected to a closed-circuit respirometer such that respirometry 
measurements began during encystment (see next section). Cercariae 
penetration may occur within 30 min, and encystment generally occurs 
within 2.3 hr (Penchenik and Fried, 1995; Fried et aI., 1997). 
Amphibian energetics 
A repeated measures design was used to determine metabolic rates of 
individual tadpoles prior to infection, during exposure and encystment, 
and 1 mo post-infection (PI). Tadpole SMR were estimated from oxygen 
consumption rates (02 mllhr) measured on a computer-controlled, 
indirect, closed-circuit respirometer (Micro-Oxymax, Columbus Instru-
ments, Columbus, Ohio). The instrument was calibrated using a certifIed 
air mixture prior to each trial. One standard control chanIber contained a 
medical battery (Duracell Procell Zinc Air Medical, DA 146 8.4 Volts, 
Proctor & Gamble, Bethel, Connecticut) that consumed a known amount 
of O2• A second chamber, fIlled only with water, served as a blank. The 
standard and blank were used to verify the proper functioning of the 
instrument. ChanIbers were placed in an environmental cabinet main-
tained at 22 C for the duration of the measurements. Micro Oxymax 
software (Columbus Instruments, Columbus, Ohio) was used to measure 
chamber volumes automatically, and leaks manually. The software was 
programmed to measure O2 consumption rates (mllhr) within the 
chambers every 66 min and to correct for standard temperature and 
pressure. Prior to measuring O2 consumption rates (mllhr), each air 
sample was dried using a hygroscopic drier containing nafIon tubing 
(Columbus Instruments). Each respirometry trial lasted 24 hr, and air 
within the chambers was completely refreshed every 2.5 hr to maintain 
normoxic conditions. 
Tadpole respirometry trials began in the morning; the start time was 
standardized at ~0900 hr to account for the influence of the natural 
circadian rhythms on respiration of the tadpoles (Roe et aI., 2004). 
Tadpoles were fasted for 48 hr prior to each respirometry trial to reduce 
metabolic contributions from digestion (Crowder et aI., 1998). Tadpoles 
were also blotted to remove excess moisture, and wet mass was recorded to 
the nearest ±O.l mg. To start each trial, 8 experimental animals (2 for 
each treatment) were randomly assigned to individual respirometry 
chambers, as described above. 
Twenty-four-hour respirometry trials of each individual were conducted 
3 times over the course of the study. We first measured the metabolic rate 
of all tadpoles assigned to each treatment before exposure to cercariae. 
After 24 hr of feeding and then 48 hr of fasting in the plastic shoeboxes, 
respiration of the same individuals was measured again with an identical 
procedure, but in the presence of infective cercariae (as described 
elsewhere). One month PI, the respirometry procedure was repeated for 
a third time. 
To verify that the oxygen consumption measurements did not include 
any contribution from the parasites prior to penetration of the tadpole, 
identical experimental conditions were used to measure cercarial 
respiration in the absence of tadpole hosts (n = 8 trials per treatment 
level of 10, 30, or 90 cercariae). We determined that cercariae oxygen 
consumption (ml/hr) was low and statistically indistinguishable from 
water controls at any treatment level (P = 0.297). 
Survival, growth, and development 
The same tadpoles used for oxygen consumption measurements were 
raised individually for 2 mo PI, under laboratory conditions, to monitor 
survival, growth, and development. After I mo, the water volume was 
increased from the original 2 L to 3 L in order to accommodate larger 
tadpoles. Tadpole wet mass was recorded every 6 days to monitor growth 
and adjust food rations. The developmental stage of each tadpole was 
recorded prior to each respirometry measurement (pre-infection, during 
infection, and I mo PI) and at the end of the experiment (2 mo PI). 
Dissection procedure and intestine measurements 
Two months PI, tadpoles were killed with MS-222 (ACROS Organics, 
Morris Plains, New Jersey) and immediately dissected. With the aid of a 
dissecting microscope (Fisher Scientific, Pittsburgh, Pennsylvania), organs 
were removed, in order from the ventral to dorsal surface, and wet mass of 
intestines was recorded. The tadpoles were fasted for 48 hr prior to their 
death, which minimized the contribution of food to the mass of the 
intestine. Intestine length was measured to the nearest mm. Intestines were 
frozen and subsequently dried to a constant mass for 48 hr in a 60 C 
drying oven. 
All 4 kidneys (paired pronephros and mesonephros) and connecting 
Wolffian ducts were removed and examined for encysted E. trivalvis 
metacercariae with the aid of a compound microscope (X20) (Carl Zeiss 
MicroImaging, Inc., Thornwood, New York). Wet mounts were prepared 
for light microscopy by pressing kidney tissue between a glass coverslip 
and slide after treatment with 10% chlorox (sodium hyperchlorite) for 3-
5 min to partially solubilize tissue (Penchenik and Fried, 1995). 
Statistical analysis 
Prior to statistical analysis, all data were examined to determine whether 
they met assumptions of parametric models. All statistical tests were 
conducted using either SAS 9.1.3, or JMP 7.0, (SAS Institute, Cary, North 
Carolina). Statistical significance was assessed at CI. = 0.05. To verify 
differences in number of parasites among treatment levels, but equivalent 
encystment rates among treatments, the total number and percent of 
metacercariae encysted in the kidneys were compared among the 10, 30, 
and 90 parasite treatments using ANOVA (PROC GLM). Although 
treatment levels were distinct, the variation in encystment within each 
treatment (see results) precluded categorical analysis for encystment in 
repeated measures ANCOVA. Instead, the number of metacercariae was 
treated as a continuous variable in regression models. 
The number of tadpoles in each treatment surviving to the end of the 2-
mo experiment was monitored. To assess whether infection influenced 
growth, the mass of tadpoles 2 mo PI was analyzed using a simple linear 
regression of mass and number of metacercariae. A multiple regression 
analysis was performed for developmental stage, tadpole mass, and the 
number of metacercariae 2 mo PI. 
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FIGURE I. The mean number and percent of Echinstama trivalvis 
metacercariae recovered from kidneys of Rana palustris tadpoles exposed 
to 10, 30, or 90 cercariae (n = 12 per treatment). The raw number (bars) of 
metacercariae recovered is presented on the left axis. The number of 
metacercariae observed in the kidney, relative to the number of cercariae 
present at exposure, is indicated as a percentage (no. of metacercariae 
observed/no. of cercariae at exposure X 100%, indicated with points) and 
is presented on the right axis. Error bars represent ± 1 standard error. 
Prior to statistical analysis, O2 consumption (ml/hr) of each tadpole was 
plotted by time and examined for activity peaks, factors which bias 
estimates of SMR. Based on visual inspection of these plots, the lowest 
quartile value was used to estimate SMR for each individual (Hopkins et 
aI., 2004). The influence of parasite infection on SMR (log transformed) 
during the infection and 1 mo PI trials was determined using multiple 
linear regression with the number of metacercariae and log transformed 
mass as independent variables. Simple linear regression was used to 
determine the relationship between mass and SMR in the pre-infection 
trial. To determine if the relationship between infection and SMR (log 
transformed) changed among the 3 respirometry trials, the slope of the 
relationship at each trial was estimated, and then an ANOV A was used to 
test for differences among slopes. 
Variability in intestine wet mass, dry mass, and length were each 
analyzed by mUltiple linear regression, with the number of metacercariae 
and log transformed mass as independent variables in each model. 
The distribution of metacercariae recovered from the individual kidneys 
was analyzed by a series of Chi-square analyses, assuming a completely 
random distribution, equal distribution between pronephros and meso-
nephros, and equal distribution on the right and left side. 
RESULTS 
Parasite encystment 
The fasted mass of tadpoles before infection did not differ 
among treatments (P = 0.996). The parasite treatment levels of 
10, 30, and 90 cercariae resulted in statistically significant 
differences in the number of encysted metacercariae recovered 
from the tadpole kidneys (F2•35 = 437.906, P < 0.001; Fig. I). No 
metacercariae were detected in any of the control tadpoles. The 
percent of cercariae recovered as metacercariae from individual 
tadpoles ranged from 10-100%, but treatment means ranged from 
65-72% and did not differ significantly among treatments (F2•35 = 
0.463, P = 0.634; Fig. I). 
Survival, growth, and development 
All tadpoles survived to the end of the experiment, 2 mo PI. In 
addition, no cases of edema occurred, a common response to E. 
trivalvis infection (Fried et a!., 1997; Holland, 2007). The number 
of metacercariae did not significantly affect final, fasted tadpole 
body mass (P = 0.653; Fig. 2). The developmental stages of the 
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FIGURE 2. Average fasted mass of Rana palustris tadpoles (n = 12 per 
treatment), pre-infection (white bars) and 58 days PI (grey bars), presented 
as treatment groups based on cercarial exposure levels. Error bars 
represent ± 1 standard error. 
tadpoles were similar among treatments, ranging from 26-28 at 
infection, 29-35 at I mo PI, and 35-40 at 2 mo PI (Gosner, 1960). 
The number of metacercariae did not significantly affect the 
developmental stage of tadpoles 2 mo PI (P = 0.218); however, 
tadpole mass and developmental stage were strongly correlated (P 
< 0.001). 
Energetics 
The number of metacercariae encysted did not influence the 
metabolic rate of tadpoles (Fig. 3). The number of metacercariae 
did not have a significant effect on SMR measured during the 
infection (P = 0.105) or at I mo PI (P = 0.907). Because larger 
tadpoles had higher SMRs, there was a significant effect of log-
transformed mass on SMR prior to infection (P < 0.001), during 
infection (P < 0.001), and at I mo PI (P < 0,001), 
Intestine size 
The number of metacercariae encysting did not have a 
significant effect on the wet mass (mean ± SE = 0.270 ± 
0.011 g; P = 0.283) or dry mass of the intestine (mean ± SE = 
0.026 ± 0.001 g; P = 0.727), Likewise, the number of 
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FIGURE 3. Average standard metabolic rate (SMR) of Rana palustris 
tadpoles (n = 12 per treatment) presented as treatment groups based on 
cercariae exposure levels pre-infection (white bars), during infection 
(striped bars), and 1 mo PI (light gray bars). Error bars represent ± I 
standard error. 
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FIGURE 4. Average number of Echinostoma trivolvis metacercariae 
recovered from the pronephros (Pro), mesonephros (Meso), and Wolffian 
duct (Duct) on the right (white bars) or left (gray bars) of Rana palustris 
tadpoles (n = 12) exposed to (A) 10 cercariae, (B) 30 cercariae, or (C) 90 
cercariae. Error bars represent ± I standard error. * Asterisk identifies a 
statistically significant difference, P < 0.05. 
metacercariae did not have a significant effect on intestine length 
(mean ± SE = 233 ± 5 mm; P = 0.425). Log-transformed body 
mass explained a significant amount of the variation in each 
intestine measurement (P < 0.001). 
Parasite distribution 
Echinastama trivalvis metacercariae were not equally distribut-
ed within the pronephros and mesonephros tissues. The majority 
of encystment occurred in the pronephros (10 cercariae, X2 = 
56.35, P < 0.001; 30 cercariae, X2 = 185.18, P < 0.001; 90 
cercariae, X2 = 41.06, P < 0.001). The encystment of metacer-
cariae showed a significant bias for the right side in the tadpoles 
exposed to the low treatment of 10 cercariae, but not in the other 
2 treatments (10 cercariae, X2 = 4.22, P = 0.040; 30 cercariae, X2 
= 0.205, P = 0.651; 90 cercariae, X2 = 0.949, P = 0.330; Fig. 4). 
DISCUSSION 
Amphibian parasites, including E. trivalvis, have received 
attention recently because of the potential contribution of disease 
to amphibian population declines (Daszak et aI., 2003; Stuart et 
aI., 2004). However, effects of parasite infection that approximate 
predominant natural infection levels, and timing of infection, 
require further investigation (Schotthoefer et aI., 2003). In our 
study, infection levels were selected to approximate those that are 
likely most common in nature. At these levels, E. trivalvis 
infection had no effect on survival, growth, or development of 
tadpoles, suggesting that the modest metacercariae infection that 
tadpoles likely have in most natural populations has little impact 
on individual tadpole fitness in the absence of other biotic or 
abiotic challenges. 
Consistent with these growth results, tadpole SMR also was not 
significantly affected by encysted metacercariae either during 
infection or at 1 mo PI. Our study is the first attempt to 
investigate metabolic changes in tadpoles as a physiological 
response to sub-lethal trematode metacercariae infection (Martin 
and Conn, 1990; Holland et aI., 2007). Energetics may underlie 
the mortality and decreased growth observed in studies of 
individuals bearing higher parasite burdens and, thus, should be 
an important mechanistic consideration in further studies of 
amphibian-parasite interactions in the environment. For exam-
ple, the growing environmental challenge of eutrophication leads 
to increased infection rates (Johnson et aI., 2007), but may also 
provide algal food resources that would allow tadpoles to 
maximize energy acquisition, even if metabolic demands were 
elevated by infection (Belden, 2006). 
Tadpole age, size, and developmental stage at the time of 
infection might mitigate the impact of infection. Our moderate 
infection was coupled with timing of infection to size and 
developmental stages when R palustris would!ll0st likely 
encounter trematodes in nature. The older, larger· tadpoles in 
our study may have larger pronephros that may be more resilient 
to pathology and, therefore, buffered against the loss of 
functional tissue (Fox, 1963). The absence of edema after 
infection is consistent with this proposed resilience. If a threshold 
level of destruction is not reached, kidney function and tadpole 
survival and growth may remain unaltered (Goater, 1994; Belden, 
2006). Early experiments, removing single pronephros from 
tadpoles with minimal effects on growth, support the hypothesis 
that a substantial portion of the kidney needs to be affected before 
growth is inhibited (Fox, 1963). 
Our study also addressed the novel idea that tadpoles may 
mitigate the effects of parasitism by altering the gross morphology 
of the intestines. Phenotypic plasticity of organ sizes has been 
shown in trematode-infected mammals (Kristan and Hammond, 
2000; Schwanz, 2006), but this phenomenon has never been 
examined in amphibians. Tadpoles respond to predation and 
competition through changes in intestinal morphology (Relyea 
and Auld, 2004), but we did not detect any effect of parasitism on 
intestine size. However, we predicted such changes would only 
occur if energy demands were elevated which, based on the SMR 
results does not seem to be the case. In addition, generous rations provid~d to individually maintained tadpoles might have hindered 
our ability to detect intestinal plasticity because it eliminated the 
need to develop a more-efficient digestive system to maintain 
optimal growth rates (Munger and Karasov, 1989). Therefore, we 
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postulate that plasticity of the intestines remains a plausible 
response to parasitism in tadpoles. 
Echinastama trivalvis metacercariae encyst in specific sites 
within the nephric system depending on tadpole age and 
developmental stage (Thiemann and Wassersug, 2000; Schotthoe-
fer et aI., 2003), which may reduce impact on the host by 
localizing the pathology. Cercariae infecting stage 26-28 (Gosner, 
1960) R. palustris tadpoles encysted in the pronephros in higher 
numbers than in the mesonephros, and cercariae exhibited a bias 
for the right kidney at the lowest infection level. Higher 
encystment within the pronephros than in the mesonephros is 
consistent with experimental studies of R pipiens and R clamitans 
tadpoles at similar developmental stages (Thiemann and Wasser-
sug, 2000; Schotthoefer et aI., 2003). The trend of biased 
encystment in the pronephros was not as pronounced at higher 
infection levels, suggesting that the mesonephros, while not the 
preferred encystment location, may have been of sufficient size to 
support at least some metacercariae (Schotthoefer et aI., 2003), or 
may simply be the location of encystment when space is no longer 
available in the pronephros. 
Our study focused on moderate infection levels because a 
significant proportion of the population may encounter these 
levels. Under our experimental conditions, moderate infections in 
this species did not elicit a significant effect on survival, growth, 
development, or respiration. If fitness-related traits are only 
negatively affected by higher infection levels, only a small 
proportion of the population may be impacted. However, 
anthropogenic stressors such as climate change (Poulin, 2006), 
eutrophication (Johnson et aI., 2007), and environmental contam-
ination (Kiesecker, 2002; Gendron et aI., 2003) may increase 
infection rates and shift the timing of infection so that more-
vulnerable individuals are infected more severely. In addition, 
characteristics of the environment, such as limited food resources 
and the presence of competitors and predators, may interact with 
parasite infection to result in additive or synergistic effects on 
developing amphibians. Monitoring of natural infection levels, and 
continued investigation of amphibian-parasite dynamics at levels 
relevant for the majority of the population, will help determine 
whether anthropogenic changes are having a negative impact on 
amphibian populations by influencing parasite-host interactions. 
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DEVELOPMENT AND ULTRASTRUCTURE OF CYSTOISOSPORA CANIS NEMESERI, 1959 
(SYN. ISOSPORA CANIS) MONOZOIC CYSTS IN TWO NONCANINE CELL LINES 
Sheila M. Mitchell, Anne M. Zajac, and David S. Lindsay* 
Department of Biomedical Sciences and Pathobiology, Virginia Tech, 1410 Prices Fork Road, Blacksburg, Virginia 24061. e-mail: lindsayd@vt.edu 
ABSTRACT: Cystoisospora canis is a coccidial parasite of the intestinal tract that can cause severe disease in dogs. Clinical signs include 
watery diarrhea, vomiting, fever, and weight loss. Extraintestinal stages of Cystoisospora spp. have been demonstrated in the 
mesenteric lymph nodes of paratenic hosts. Information on the biology of extraintestinal stages of canine Cystoisospora species is 
limited. The current study examined the development of C. canis in 2 noncanine cell lines and the ultrastructure of the monozoic cysts 
that formed. Monolayers of bovine turbinate cells and African green monkey kidney cells were grown on coverslips and inoculated 
with excysted C. canis sporozoites. Coverslips were collected on various days and fixed and stained for light microscopy (LM) or 
transmission electron microscopy (TEM). A single, centrally located, slightly crescent-shaped sporozoite surrounded by a thick cyst 
wall within a parasitophorous vacuole was observed with the use of LM and TEM. No division and no multinucleated stages were 
observed with either LM or TEM. With TEM, typical organelles of sporozoites were observed, such as rhoptries, dense granules, a 
crystalloid body, polysaccharide granules, and a conoid. The structure and ultrastructure of C. canis monozoic cysts produced in vitro 
are similar to extraintestinal cysts of other Cystoiso!>pora species in experimentally infected animals and those of Cystoisospora belli 
observed in immunocompromised humans. This is the first study that fully demonstrates in vitro the development of what structurally 
resemble extraintestinal cysts of a Cystoiso!>pora spp. 
Cystoisospora canis Nemeseri, 1959 (syn. Isospora canis), 
Cystoisospora ohioensis Dubey 1975, Cystoisospora burrowsi 
Trayser and Todd, 1978, and Cystoisospora neorivolta Dubey 
and Mahrt, 1978 are 4 coccidial parasites of dogs. Cystoisospora 
ohioensis, C. burrowsi, and C. neorivolta oocysts are structurally 
similar, usually grouped together, and termed C. ohioensis-like 
until further diagnosis can be made. Oocysts of C. canis are much 
larger than the oocysts of C. ohioensis-like coccidians and are 
easily identified in fecal samples (Lindsay et aI., 1997). In the 
United States, canine coccidial prevalences range between 0.6 and 
72% (Catcott, 1979). 
Life cycle and transmission studies for C. canis in vivo are 
extensive (Nemeseri, 1960; Lepp and Todd, 1974; Dubey, 1975, 
Lepp and Todd, 1976; Hilali et aI., 1979; Becker et aI., 1981; Dubey, 
1982; Mitchell et aI., 2007). Recently, C. canis has been shown to be 
a primary cause of severe diarrhea in 8-wk-old female beagle pups 
(Mitchell et aI., 2007). Transmission is usually fecal-oral; however, 
ingestion of a paratenic host containing extraintestinal monozoic 
cysts will also cause a patent infection. Cystoisospora spp. can form 
monozoite cysts in extraintestinal tissues in both the canine 
definitive, and paratenic, hosts. Tissues most commonly infected 
with monozoic cysts are the mesenteric lymph nodes, spleen, and 
liver. Patent infections occur when a canine definitive host ingests 
paratenic hosts, such as a small rodent infected with these 
extraintestinal cyst stages (Dubey and Melhorn, 1978). However, 
the prepatent period of cyst-induced infections is shorter and 
clinical signs associated with cystoisosporosis are not as severe 
when compa~ed to ingestion of sporulated oocysts (Dubey, 1975). 
Few studies have examined the development of C. canis in cell 
culture (Fayer and Mahrt, 1972). The greatest development of 
coccidial parasites in vitro usually occurs in primary cell lines 
from the host (Doran, 1982). The current study examined the 
development of C. canis in African green monkey kidney cells and 
bovine turbinate cells. This study describes the light and electron 
microscopic structure of monozoic cysts that developed in these 
mammalian cell cultures. 
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MATERIALS AND METHODS 
Inoculum 
Cystoisospora canis oocysts were identified based on structure in the 
feces of 2 littermate pit bull puppies that were estimated to be 1-2 mo of 
age (Mitchell et aI., 2007). Oocysts used in this study were collected from 
the feces of experimentally infected 8-wk-old beagles (Mitchell et aI., 
2007). Oocysts were collected and sporulated as previously described 
(Mitchell et aI., 2007). 
Sporulated C. canis oocysts were ruptured with the use of a tissue grinder 
and then treated with an excysting medium containing 1.5% taurocholic 
acid and 0.5% trypsin in Hank's balanced salt solution without calcium and 
magnesium (HBSS) at 37 C. Excysted sporozoites were washed with HBSS, 
then concentrated by centrifugation and resuspended in 2% fetal bovine 
serum in RPMI 1640 media supplemented with 100 U penicillin/ml and 
100 mg streptomycin/ml (maintenance medium). 
Cell culture 
Bovine turbinate cells (BT, ATTC CRL-1390, American Type Culture 
Collection, Manassas, Virginia) and African green monkey (Cercopithecus 
aethiops) kidney cells (CV-l, ATTC CCL-70, American Type Culture 
Collection, Manassas, Virginia) were grown to confluence on 22-mm2 glass 
coverslips in 6-well cell culture plates in growth media that consisted of 10% 
fetal bovine serum in RPMI 1640 medium, supplemented with 100 U 
penicillin/ml and 100 mg streptomycin/ml. Coverslips were incubated at 
37 C in a humidified incubator containing 5% CO2 and 95% air. 
Cell monolayers were inoculated with 1 X 105 excysted C. canis 
sporozoites. At 24 hr postinoculation (PI), the medium was removed, the 
monolayer was rinsed with HBSS, and the growth media replaced with 
maintenance media. Coverslips were removed and fixed in 10% buffered 
formalin on days 2,6,8, 10, 13, and 15 PI for BT cells and days 2,7, 10, 
13, 16, and 17 PI for CV-l cells. For light microscopic examination, the 
coverslip was removed from the 10% formalin and placed in 100% 
methanol for at least 1 min. Coverslips were then stained with Diff-Quik® 
(Dade Berhing Inc., Newark, Delaware) and mounted on slides using 
Permount™ (Fisher Scientific Company, Fair Lawn, New Jersey). The 
lengths and widths of 30 sporozoites and cyst walls and/or parasitophor-
ous vacuoles were determined with the use of a calibrated ocular 
micrometer under oil immersion on days 2, 10, 15, or 16 PI for BT and 
CV-l cells, respectively. Cyst wall measurements were taken from the 
pellicle of the sporozoite to the tip of the cyst wall material. When no cyst 
wall was present, the parasitophorous vacuole (PV) was measured from 
the surface of the sporozoite zoite to the PV. 
Transmission electron microscopy 
African green monkey kidney cells were grown to confluence in 25-cm2 
tissue culture flasks and infected with 1 X 103 excysted C. canis 
sporozoites. On days 2, 6, 9, 11, and 15 PI, monolayers were removed 
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by craping with a ell 
RESULTS 
Light microscopy findings 
were lightly 
ual t g 
BT II. 
cy t wall 
app ared 
m th n ar a of pal 
blu taining wa ob er ed toward th nt r and/or at th 
po trior nd in th porozoit cytopla m ( ig. I). In both c II 
type porozoite wer po ition d n xt to th h t c II nu I u 
and in om ca w r au ing an ind ntation in th ho t cell 
nu leu . Two day PI p roz it in BT II w r in a PV with 
n i ibl cy t wall ( ig. I ). In BT cell at 1 day PI a cy t wall 
app ar d to originate from th urfa of the porozoit and fill 
in th PV ( ig. lB. By 15 day PI th majority of th PV wa 
filled with a thick cy t wall urr unding the porozoit ( ig . I 
2). Hower in V-I c II at day 2 PI thi k Y t wall had already 
b gun d eloping in PV urrounding om porozoit . t day 
10 PI many porozoit w r till in a PV with littl to no cy t 
wall material. B 16 day PI many porozoite w r urround d 
b thick cy t wall alth ugh a ~ w porozoit remain d in a PV 
with no wall pr ent. Tw p r zoit were ob er d in th am 
BT II on day 15 PI ( ig. ). Thi a not e n at any th r tim 
point in BT cell or in p r z it V-I II . Th 
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T BL I. Light mi r cop mea ur ment of 30 monozoi t grown in ell ulture (mean ± D) .* 
Day 
p tinoculation 
2 
10 
15 
16 
12.0 ± 1.4 x 5.1 ± O. ~m 
(II. 25.0 X I. 9.0 Iilll) 
13.9 ± 1.0 x 5. ± 0.6 11m 
(13. 24.0 X 7.5- 12.0 Iilll) 
13.6 ± 0.9 X 6.0 ± 0.6 11m 
(10. 23.0 X 7. 13.0 ~m) 
2.6 ± 0.9 X 1.4 ± 0.7 ~m 
3.4 ± 1.1 X 2.2 ± O. ~m 
4.2 ± O. X 4.0 ± O. ~m 
mea urement of 30 C. cani porozoite and th urr unding cy t noted at th 
wall and!or PV gr wn in BT and V-I cell and coli t d on 
ariou day PI are pre ent d in Table 1. 
Ultrastructural findings 
Monozoic c ts wer i w d in V-I II ample 
T M ( ig . 7). inding were imilar to light micro copy in that 
only 1 p rozoite wa een in each cy t. Di i i n of porozoite 
within cy t wa not een at any tim point. y t c nit d of a 
ingle c ntrally locat d porozoite urround d by a thick granular! 
fibrou cy t waJl within a PV ( ig . 7). Th Y t waJl wa next t 
the limiting m mbrane of the PV ( ig 4 6 7). Multiple in~ ction of 
a ingl ho t cell wa not ob r ed with TEM . orne porozoit had 
fibrillar material betw n their urface and the inn r urface of the 
thick granular wall. It wa noted that th particulat mat rial of the 
cy t wall wa not a thick in younger cy t . Tubular tructur were 
13.6 ± 1.4 X 5. ± 0.6 ~m 
(13 . 23.0 X 6.0- 13.0 ~m) 
13. ± l.l X 6.2 ± 0.6 11m 3. 1 ± 1.3 X 1.3 ± O. ~m 
( 15. 23.0 X 6.0- 11 .0 ~m) 
13. ± 1.0 X 5.9 ± O. ~m 3. ± 1.1 X 2.4 ± 1.0 ~m 
( 16. 24.0 X 7.0- 14.0 ~m) 
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Den die w re I cated ant ri rand p teri r to the porozoite 
nuc1eu . ipidlike and p Iy accharidelike granul wer pre nt 
thr ugh ut the ytopla m of p r z ite and did n .t appear t be 
c n ntrat d at any particular end of the p rozoite. 
DISCUSSION 
organi m within y t 
n ultra tru ture and the lack f 
y tlike 
(Kr to ki 
cells (Table I). The cyst wall around the single sporozoite grew 
larger with time to fill in the PV. Dubey and Melhorn (1978) 
measured single zoites within tissue cysts found in lymph nodes of 
mice fed C. ohioensis oocysts and found the zoites increased in size 
starting at 1 day PI with a mean measurement of 5.8 X 2.1 11m 
and ending at day 39 PI with a mean measurement of 12.8 X 
6.4 11m. At 14 day PI, the mean length and width ofthe zoites was 
12.5 X 6.2 Ilffi, which was not different than the zoites measured 
on day 36 PI (Dubey and Mehlhorn, 1978). The ultrastructure of 
C. canis monozoic cysts grown in CV -1 cells is similar to cysts 
found in tissues of paratenic hosts. The appearance of the 
centrally located sporozoite was typical of C. canis sporozoites 
(Roberts et aI., 1970, 1972). The thick granular material that 
makes up the cyst wall has been observed in monozoic cyst stages 
of many Cystoisospora spp. (Dubey and Frenkl, 1972; Dubey and 
Melhorn, 1978; Melhorn and Markus, 1976; Boch et aI., 1981; 
Lindsay et aI., 1997). The granular material making up the cyst 
wall of C. canis and other Cystoisospora spp. is much denser than 
the fibrous covering of caryocysts containing in sporozoites of 
Caryospora bigenetica (Sundermann and Lindsay, 1989). 
Crystalloid bodies have been described in sporozoites of most 
Cystoisospora spp. (Dubey and Frenkel, 1972; Mehlhorn and 
Markus, 1976; Dubey and Mehlhorn, 1978; Boch et aI., 1981) and 
merozoites of C. suis (Lindsay et aI., 1991) and have a similar 
appearance to beta-glycogen particles. Roberts et ai. (1972) noted 
an anterior and posterior crystalloid body in freshly excysted C. 
canis sporozoites. They reported amylopectinlike granules along the 
periphery of the posterior crystalloid body, which is a typical 
association of refractile bodies in Eimeria species. Crystalloid bodies 
are thought to be analogous to refractile bodies found in sporozoites 
and merozoites of Eimeria species (Hammond et aI., 1970; Roberts 
and Hammond, 1970). tt has been proposed that they are associated 
with the transfer of stored nutrients, but their true function remains 
unknown (Garnham et aI., 1969; Desser, 1970). • 
Cystoisospora belli (syn. Isospora bellI) is a coccidial parasite of 
humans that can cause serious disease in immunocompromised 
hosts. Extraintestinal stages of C. belli have been observed in 
several patients with immunodeficiencies (Restrepo et aI., 1987; 
Comin and Santucci, 1994; Michiels et aI., 1994; Velasquez et aI., 
2001). In these patients, numerous monozoic cysts are present in 
extraintestinal tissue samples or in the lamina propria of the small 
intestine. Due to the large numbers of cysts, it is believed that 
these extraintestinal stages of C. belli represent merozoites that 
have left the intestinal tract (Lindsay et aI., 1997). As previously 
mentioned, our cell-culture-derived cysts contained sporozoites. 
Because of their appearance and scarcity, it is probable that the 
parasites in cysts of canine and feline Cystoisospora spp. observed 
in vivo are sporozoites. 
Siripanth et ai. (2004) examined the development of C. belli 
sporozoites in human iliocecal adenocarcinoma (HCT-8), human 
larynx carcinoma (Hep-2), human fibroblast, bovine endothelial 
kidney (BEK), and African green monkey (Vero) cell culture cells. 
Sporozoites inoculated onto HCT-8 cells underwent schizogony 
and produced sexual stages, but no oocysts were observed in 
HCT-8 cells inoculated with sporozoites. Schizogony, but no 
sexual stages, was observed in Hep-2 cells. Siripanth et ai. (2004) 
indicated that unizoic cysts were observed after inoculation of 
sporozoites onto BEK and Vero cells. It is not clear from their 
report if these were sporozoites that entered cells and did not 
develop or if they were true unizoic cysts. They did not do 
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transmission electron microscopy on their samples. They did not 
mention a cyst wall surrounding these sporozoites (Siripanth et 
aI., 2004) and their figure is not of high enough quality to 
determine if a cyst wall was present. Human fibroblasts were not 
susceptible to infection with C. belli sporozoites (Siripanth et aI., 
2004). Another study examined the development of C. belli 
sporozoites in HCT -8, epithelial carcinoma of the lung (A549), 
Maden-Darby bovine kidney (MDBK), and Vero cells (Oliveira-
Silva et aI., 2006). They found that sporozoites entered all cell 
types and underwent development by endodyogeny by 24 hr. 
They did not observe sexual stages in any cell type (Oliveira-Silva 
et aI., 2006). Most development occurred in Vero cells. 
In our study, we did not use host- or site-specific canine cell 
types as in the studies mentioned above. This could explain the 
lack of reproduction in our study compared to other studies that 
observed division of sporozoites within the PV. Cystoisospora belli 
monozoic cysts in the spleen from a patient with AIDS averaged 
12.2 X 2.5 11m, and tissue cyst walls averaged 2.1 Ilffi (Lindsay et 
aI., 1997). Average measurements of monozoic cysts from our 
study are similar to these measurements. Division of sporozoites 
or projections from the surface of sporozoites was not observed in 
any of the cysts in this study. Lindsay et ai. (1997) noted grooves 
and projections in the pellicles of C. belli zoites, suggesting these 
projections could be mistaken for a second zoite within the same 
tissue cyst with the use of light microscopy. The surface of 
sporozoites of C. canis appears to be directly associated with the 
fibrillar material surrounding it. This was also observed in C. belli 
monozoic cysts found in mesenteric lymph nodes of an 
immunocompromised patient (Lindsay et aI., 1997). However, 
the origin of the fibrillar material is currently unknown. 
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THE GASTROPOD ILYANASSA OBSOLETA AS A RESOURCE: UTILIZATION BY LARVAL 
TREMATODES IN A LOW-PREVALENCE SYSTEM 
Lawrence A. Curtis 
Cape Henlopen Laboratory, College of Marine and Earth Studies, University of Delaware, Lewes, Delaware 19958. e-mail: Icurtis@udel.edu 
ABSTRACT: The snail Ilyanassa obsoleta is native in estuaries along the eastern seaboard of North America, In Delaware, most studies 
on this snail and its larval trematode parasites have been done in snail populations where prevalence (percent infected) is high. Here, 
data were obtained from a lower-prevalence population in southeastern Rehoboth Bay, Delaware, to study how the resident 
trematodes exploit the snail resource among the salt marsh islands, Snails were sieved from 3 plots (1 m2 each) at each of 21 locations 
in the -1.5-km2 study area. Snails were counted and all, or a random selection, were measured for size and dissected to reveal sex and 
trematode infections, Snails in the area were distributed heterogeneously with respect to density, size, and parasite prevalence, Overall, 
utilization of the snail resource by trematodes was low, Prevalence of6 trematode species (in 11 combinations) was 13,9% among 6,862 
snails collected, Most snails in the area had remained uninfected for many years, All snail infections except I were at least twice as 
aggregated in their spatial distributions as uninfected snails, In a test for species associations, trematodes were independent in locations 
where they infected snails. Parasite assemblages at species-poor locations were nonrandom subsets in species-rich locations; i.e., they 
were nested, suggesting that snails at different locations are exposed to different, and somewhat ordered, sets of infective larvae 
(miracidia). Low utilization of the snail resource could result from limited visitation by infected definitive hosts and/or unsuccessful 
miracidia, I propose it is mainly the latter, Miracidia are microscopic, swimming, and short-lived larvae. Tidal currents in the narrow 
waterways would sweep them along and make it difficult to stop and infect snails, 
Considering host populations as parasite resources stands to 
increase our understanding of ecological systems. Price (1990) 
held that we should pay attention to host properties such as 
geographic range, abundance, body size, and reproduction, 
because these factors drive the nature of parasite assemblages. 
Ilyanassa obsoleta (Say) is an estuarine snail that occurs 
natively along the eastern seaboard of North America. The 
species is abundant and ecologically important on estuarine sand-
and mudflats, and in salt marshes (Curtis, 2005), It and its larval 
trematodes have been studied extensively (reviewed in Curtis, 
2002). In Delaware, this snail is first intermediate host to at least 9 
trematode species, which depend on it to complete their life cycles. 
In expansive intertidal areas, avian definitive hosts are abundant. 
Accordingly, the proportion of infected snails (prevalence) tends 
to be high and these locations are where most of the previous 
work has been focused, 
Much has been learned from these high-prevalence sites about 
snails and their trematodes. For example, we know that snails live 
for several decades (Curtis, 1995; Curtis et aI., 2000), and that 
individual infections in snails are likely to persist for many years, 
even decades (Curtis, 2003). Our observations indicate that 
infected snails are rendered sterile (Curtis and Hurd, 1983; Curtis, 
1997), and that behavior of infected snails can be altered (Curtis, 
1985, 1987, 2007a). It has been shown that a snail has a small 
probability «5% yr- 1) of acquiring an infection (Curtis, 1996; 
Curtis and Tanner, 1999; Curtis, 2003). Moreover, juvenile snails 
may acquire parasites, but older snails are more likely to be 
infected because of longer exposure time (Curtis, 1997). Finally, 
the growth rate of infected snails is severely slowed (Curtis, 1995; 
Curtis et aI., 2000). 
Many 1. obsoleta populations exist in habitats away from 
expansive sand- or mudflats, e.g., in salt marshes, and trematode 
infections there tend to be less frequent (Curtis, 1997). In high-
prevalence snail populations, utilization of the snail resource by 
trematodes is intense, To understand how a population of snails is 
used by resident trematodes requires a quantitative survey that 
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considers how many snails are available to exploit, how they are 
spatially distributed, how long snails are likely to remain 
uninfected, the overall prevalence of various trematode species, 
and how trematodes are distributed within the snail population. 
Such a survey would have to employ sieving snails from known 
plots of sediment, counting them, and examining all, or a random 
subsample, of them for trematodes. Such methods have not thus 
far been used on any 1. obsoleta population to examine 
exploitation by a set of larval trematode species. As a start, the 
present study uses a lower-prevalence snail population to gauge 
how trematode species exploit it. 
Snails from southeastern Rehoboth Bay, Delaware were chosen 
for this study because they often showed relative low prevalence. 
This -1.5-km2 area consists largely of salt marsh islands, It is 
much different from the intertidal flats used in previous studies, 
mainly because obvious physical barriers (the islands, convoluted 
shorelines) separate groups of snails, In summer, snails are 
present on intertidal shorelines throughout the area, They also 
occur on inter- and subtidal mudflats among the islands and in 
the subtidal area along the Bay shores of the islands, To assess the 
host resource and its use, the study attempted to answer a series of 
questions: (1) roughly how large is the snail population; (2) is it a 
recruiting population; (3) is there spatial heterogeneity in snail 
density and size; (4) what larval trematodes are resident in the 
parasite component community and what are their prevalences 
and spatial distributions; (5) how long are snails likely to remain 
uninfected; (6) are uninfected and infected snails dispersed 
similarly in space; (7) do parasite species infecting snails have 
associated spatial distributions; and (8) are parasite assemblages 
at different locations nested? I also attempted to determine why so 
few snails from a large resource are used as hosts. 
MATERIALS AND METHODS 
Snails were collected in the southeast corner of Rehoboth Bay, in 
southern Delaware (Fig. I). Rehoboth Bay is a rectangular estuary 
(-8 km north-south [N-S] by -5 km east-west [E-W)). It receives little 
river flow, and tidal exchange occurs with Indian River Bay on its 
southern edge, To enter Rehoboth Bay from Indian River Inlet, most 
oceanic water must travel west -2,5 km, then north through a 
constriction zone -800 m wide. The area sampled is in a pocket northeast 
of that constriction. Flooding currents enter the pocket by hooking 
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TABLE 1. Summary statistics on sex and trematode infection categories of Ilyanassa obsoleta collected in Rehoboth Bay, Delaware drawn from Appendix 
I (available online). In 63 samples (1 m2 each) 6,862 total snails were collected. Shown for each category are total number (N), proportion of all snails 
(%), mean and variance (number m -2), variance-to-mean ratio, Green's Index (GI) of clumping (see text) for the category, and lastly the ratio of degree 
of clumping of the category to that of NI (uninfected) snails'* 
Males Females NI Hq Ls Zr Av Ga St HZ LZ LG ZG 
N 3276.8 3585.2 5909.1 377.5 55.4 245.3 37.7 92.3 34.9 35.3 7.2 13.8 28 
% of snails 47.7 52.3 86.1 5.5 0.8 3.6 0.5 1.3 0.5 0.5 0.1 0.2 0.4 
Mean 56.5 61.8 101.9 6.5 0.9 4.2 0.7 1.6 0.6 0.6 0.1 0.2 0.5 
Variance 7335.9 9048.9 25524.7 224.5 9.7 46.2 4.6 19.4 8.7 16.3 0.6 2.4 12.3 
Variance/mean 129.85 146.39 250.53 34.50 10.17 10.92 7.06 12.20 14.56 26.74 4.64 10.09 25.59 
GI 0.04 0.04 0.04 0.09 0.17 0.04 0.17 0.12 0.40 0.75 0.59 0.71 0.91 
Ratio 2.12 3.99 0.96 3.91 2.90 9.49 17.77 13.91 16.89 21.56 
* Abbreviations: NI ~ not infected, Hq ~ Himasthla qUissetensis-infected, Ls ~ Lepocreadium setiffroides, Zr ~ Zoogonus rubellus, Av ~ Austrobilharzia variglandis, Ga ~ 
Gynaecotyla adunca, St ~ Stephanostomum tenue, HZ ~ H. quissetensis-Z rubellus, LZ ~ L. setiferoides-Z rubellus, LG ~ L. setiferoides-G. adunca, ZA ~ Z rubellus-A. 
variglandis, ZG ~ Z rubellus-G. adunca. 
parasite A, it means that 5/20 snails m -2 were infected. Suppose rather 
there were 100 snails in a square-meter sample. Five snails bearing parasite 
A, among the 20 randomly chosen for dissection, presumably represents 
more than 5 among the 100 in the sample. Using proportions, if all 100 
snails were dissected, presumably 25 with parasite A would be found 
(where 5/20 = XIlOO, and X = 25). Reporting numbers of snails adjusted 
this way involves making an estimate, but better indicates how many snails 
of a type were present per square meter. 
To estimate the number of I. obsoleta in the study area, I calculated the 
mean number of snails per square meter in the 63 samples. Snails occur 
along shorelines in approximately a 2-m band. Assuming this, I calculated 
how many snails would be present. Length of shoreline was estimated 
from a Geological Survey map (Bethany Beach, Delaware, 38075-EI-TF-
024, 1991) using a digital map measuring device. Assumptions of ANOV A 
failed, so I used a Kruskal-Wallis analysis to detect variation in snail 
density and size among the 21 locations. Variation within locations was 
judged visually with the use of plots showing snail density and size in the 3 
samples. Number Cruncher Statistical System (NCSS) 2004 or 2007 
software was employed. 
The efficiency with which trematodes used snails was judged by 
prevalence and by determining how long snails were likely to remain not 
infected (NI) in the study area. Size-prevalence curves' showed the 
proportion of each shell-height class infected. Size and age of NT snails 
were related with a von Bertalanffy growth curve (Curtis et aI., 2000; 
Fig. 3). This is not possible with infected snails, as growth is slowed and 
length of time infected unknown. 
Whether trematode-infected snails were dispersed randomly among 
available snails was initially assessed by calculating means and variances in 
numbers of snails in infection categories per square meter. All categories 
had variance-to-mean ratios> I, suggesting aggregated (clumped) spatial 
dispersions. J used Green's Index (GI; Ludwig and Reynolds, 1988) to 
measure degree of clumping (GI = [variance/mean] - liN - I, where 
variance and mean are as above and N = the total number of snails in an 
infection category). If GI = 0 clumping is minimal, if I it is maximal. T 
used a ratio (GI for an infection category of snails/GI for NI snails) as a 
measure of degree of clumping of snails in an infection category relative to 
NI snails. A species-association test (multiple-species case, Ludwig and 
Reynolds, 1988) was used to check for associations in the spatial 
distributions of trematode species among snails. Parasite assemblage 
nested ness at locations was tested with the use of the Nestedness 
Temperature Calculator (Atmar and Patterson, 1993; http://www. 
aics-research.com/nestednessltempcalc.html) and a later program BIN-
MATNEST (Rodriguez-Girones and Santamaria, 2006). 
RESULTS 
The snail resource: abundance, density, size, distribution, 
and recruitment 
The mean density of snails in the 63 samples was 108.9 m-2 
(SD = 163.9, range 0-760) (Appendix I, available on line). 
Shoreline in the area was estimated to be 19,743 m. Assuming 
snails existed exclusively in a continuous 2-m band and using this 
mean, total snails = 4,303,974. An upper estimate may be 
calculated with the mean +2 SD, which is equal to 17,255,382 
snails. A lower estimate calculated this way, even with -1 SD, 
comes out below zero snails, which fails to comport with the 
abundant snails in the area. Length of shoreline and mean 
number of snails per square meter only roughly estimates snails in 
the area. Some shorelines lack snails or have a narrower band, but 
there are also shorelines and inter- and subtidal flats where snails 
populate much broader areas than a 2-m band. Suffice it to say 
that a resource of millions upon millions of widely distributed 
snails exists in the area. 
Snail density varied by location (Kruskal-Wallis H(20) = 37.388, 
P < 0.011). Density in samples from single locations varied as well 
(Appendix I). Variation among a location's samples sometimes 
equaled that seen among locations. For instance, at site 15, density 
ranged from 1 to 584 snails per square meter. Shell height also 
varied among locations (H(20) = 618.719, P « 0.001) and also at 
single locations. A scatter plot revealed a correlation between mean 
snail size and density of snails in the 58 snail-bearing samples 
(Pearson correlation coefficient = 0.596, P < 0.001). Small snails 
tended to be more numerous. More specifically, if mean snail size 
was >~25 mm, density was universally low (::;53 m- 2). At smaller 
mean sizes, density varied widely (2-760 m -2). 
Snails::; 12.4 mm would have settled from the plankton within 
the previous 2 yr (Curtis and Hurd, 1983). There were 9 such snails 
collected at location 4, 2 at location 7, 10 at 8,2 at 19, and 17 at 21. 
Although::; 12.4-mm snails were not collected at location 16, they 
were likely present, as there were many small snails in the vicinity. 
The presence of these small snails and others a little larger indicate 
that snails are being actively recruited into the population. Recently 
recruited snails were more likely at sites (Fig. 1) receiving direct ebb 
tidal flow from Rehoboth Bay proper. 
Trematodes: prevalence, distribution, and relationships 
Infection categories, NI (not infected) plus 6 species in 10 
combinations, represented by >5 snails are indicated in Table I. 
An 11 th combination, Zoogonus rubellus-Austrobilharzia var-
iglandis (ZA), was also collected. Abbreviations used in Table I 
will be used below. Total numbers and overall percentages of 
infection categories (Table I) show that 86.1 % of snails were N 1. 
Infections with Himasthla quissetensis (Hq), Zoogonus rubellus 
(Zr), and Gynaecotyla adunca (Ga) each occurred in > 1 %. 
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FIGURE 2. Size-prevalence curves for trematode-infected Ilyanassa 
obsoleta. Snails were collected in Rehoboth Bay (Fig. 1) in 1997. Total 
snails in each size class, e.g., 19.5-20.4 = 20 mm, is given across the top. 
Shown are curves for infection with any trematode(s) and for single 
infections with the 3 more frequent (> I % overall) species. Abbreviations: 
NI = not infected, Hq = Himasthla quissetensis, Zr = Zoogonus rubel/us, 
Ga = Gynaecotyla adunca. 
Infections with Lepocreadium setiferoides (Ls) , Austrobilharzia 
variglandis (Av), and Stephanostomum tenue (St), and all 5 double 
infections were each present in < I % of snails. There was 
significant variation in snail size, with larger snails tending to be 
less dense and more often infected (Fig. 2), suggesting that 
prevalence by location may be expected to vary. In fact, 
prevalence among locations did vary significantly (Kruskal-Wallis 
H(20) = 31.980, P < 0.0436). It varied from 3.3 to 100% in snail-
bearing samples (Appendix I). Briefly, 25% of 388 dissected 
females presented some feature of imposex. 
Total prevalence was zero in snails :-s14.4 mm (Fig. 2). It 
increased with size (age), so that prevalence was greatest in the 
largest snails. Categories of infection with overall prevalence < 1 % 
(Fig. 3) present no recognizable pattern in size-prevalence 
relationships. Most infections occurred in snails ~20 mm, but 
snails as small as 15 mm were infected with Hq and 17-mm snails 
had Hq, St, and L. setiferoides-Z. rubellus (LZ). Size of NI snails 
may be related to age with the use of the growth curve in Curtis et 
al. (2000). This curve was based on tracking shell height changes 
in 86 NI snails (shell heights 17.4-26.2 mm) in the vicinity of 
locations 4 and 5 over the summer and fall of 1996. Approximate 
age of NI snails is indicated in Figure 2. For 2 age posts, an NI 
snail :-s18 mm would be :-s3 yr old. Most (92.5%) snails in this 
size range were NI and had persisted as such for :-s3 yr. Among 
larger individuals, 67.3% of 28-mm snails had remained NI for 
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FIGURE 3. Size-prevalence curves (as in Fig. 2) for Ilyanassa obsoleta 
infected with less frequent « 1%) trematode infection categories. 
Abbreviations: Ls = Lepocreadium setiferoides, Av = Austrobilharzia 
variglandis, St = Stephanostomum tenue; double infections indicated with 
the generic initials of the species involved. 
~ 18 yr. Most snails in the area remain uninfected and reproduc-
tive for many years. 
Variance to mean ratios for the densities of NI snails and all 
categories of infected snails were > 1, suggesting clumped 
(aggregated) spatial distributions (Table I). Snails that were NI 
occurred in 86% of the 58 snail-bearing samples; their Green's 
Index (Table I) indicates a small degree of clumping. Snails 
infected with Hq occurred in 62% of samples, and their GI was 
about twice that of NI snails. Snails infected with Ls were present 
in 26% of samples and were nearly 4 times as clumped as NI 
snails. A different situation obtained with Zr-infected snails. They 
occurred at every location, in 66% of samples, and were about as 
clumped as NI snails. Snails infected with Av or St occurred in 12 
and 7% of samples and were about 4 and 9 times, respectively, as 
clumped as NI snails. Gynaecotyla adunca-infected snails were 
present in 21 % of samples and nearly 3 times as clumped as NI 
snails. Double infections occurred in :-s7% of samples and all were 
much more clumped than NI snails. 
The interspecific association test sought associations in the 
spatial distributions of trematode species among locations. It is 
based on the presence/absence of species at given locations 
(Table II). Species in double infections were separately counted as 
present. The test requires calculation of 2 variances, the total 
sample variance (=0.971) and the variance in total number of 
species at given locations (= 1.134). The ratio of these variances 
(= 1.168) is expected to be 1 under the null hypothesis of no 
associations. A test statistic (W = 21 x variance ratio = 24.533) 
indicates whether the ratio is significantly > I. The test statistic 
falls between X2(O.05,21) (=32.671) and X2(O.95,21) (=11.591) and the 
TABLE II. The occurrence of 6 larval trematode species (abbreviations as 
in Table I) in Ilyanassa obsoleta at 21 locations (Fig. I) in southeastern 
Rehoboth Bay in summer 1997 (l = present, 0 = absent)* 
Trematode Location 
species 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
Hq 0 0 0 0 
Ls 0 1 0 0 0 0 0 0 0 
Zr 1 1 I I I 1 I I 
Av 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
Ga 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
St 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
* Abbreviations: Hq = Himasthla quissetensis, Ls = Lepocreadium setiferoides, Zr = 
Zoogonus rubel/us, Av = Austrobilharzia variglandis, Ga = Gynaecotyla adunca, St 
= Stephanostomum tenue. 
null hypothesis is accepted (P > 0.05). Acceptance could result 
from no species associations, or a canceling of positive and 
negative associations. To help decide, I used Yates correction, 
presence/absence, 2 X 2 contingency analyses (Ludwig and 
Reynolds, 1988) for each pair of species. There were no positive 
and negative associations to cancel one another. Only 1 pair, Av 
and Ga, showed a positive association (X2(1) = 4.15, P < 0.05). 
Other pairs were not associated or could not be tested because Zr 
occurred at all locations. 
It is also possible to use Table II to examine for nestedness in 
the assemblages of parasites at locations. That is, are species-poor 
assemblages nonrandom subsets of assemblages found at more 
species-rich locations? The degree of nested ness can be assessed by 
calculating the "temperature" (0-100 C) of the system. A lower 
temperature system is,,more nested. With the use of the Nested 
Temperature Calculator; the temperature of the system = 
16.15 C. The probability of calculating a temperature this "cold" 
or colder at random from a matrix with dimensions.and fill like 
Table II is «0.001, suggesting that assemblages of species at 
locations are indeed nested. The BINMA TNEST program also 
indicates a significantly nested system (= 13.16, P = 0.002). 
Therefore, species-poor assemblages at locations are indeed 
nonrandom subsets of more species-rich assemblages at other 
locations. In sum, Table II data indicate that trematode species 
spatially use the snail resource independently of one another, yet 
at the same time there is a nested order in the way parasite species 
assemblages occupy the 21 locations. 
DISCUSSION 
Ilyanassa obsoleta is mainly a deposit feeder that lives near the 
sediment surface, but many are buried and not visible. In earlier 
studies in Delaware (e.g., Curtis and Hurd, 1983; Curtis, 1997), 
and elsewhere (Gambino, 1959; Vernberg et a!., 1969; McDaniel 
and Coggins, 1972), I. obsoleta were sampled by eye from variable 
areas rather than being sieved from defined plots. Esch et a!. 
(2001) cited data from 18 studies on trematode prevalence in 
several snail species. Defined plots were used in some (e.g., 
Appleton, 1983), but, in most, snails were sampled by eye from 
variable areas. Thus, in previous studies on I. obsoleta and other 
snails, numbers of infected snails per unit area could not be 
reported. Here, in gauging the use of a host resource by a set of 
parasite species, I sieved snails from defined plots. If ::;20 snails 
were in a sample, all were dissected to reveal parasitism. 
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Otherwise, 20 snails were randomly chosen and dissected. This 
procedure had an important consequence on overall prevalence. If 
only dissected snails are used to calculate overall prevalence, 250/ 
874 (29%) were infected, but if all snails are considered, then 956/ 
6,862 (14%) were infected. The latter prevalence is lower because 
more un infected snails in samples are considered. If total snails 
per unit area are not accounted for, many of which may be young 
and uninfected, incorrect prevalence estimates may result. Two 
such prevalences may be multiplied to yield an (erroneous) 
expected prevalence of a double infection (see Esch et a!., 2001). If 
observed and expected prevalences are then compared, an error of 
inference may result. 
There was spatial heterogeneity in snail density and size among 
the 21 sample locations and even among samples at some 
locations. Even if heterogeneous, the snail resource available to 
resident trematodes was very large. The estimate for snails in the 
~ 1.5-km2 study area was ~4.3 million. If unrepresented snails on 
sub- and intertidal flats in the area are considered, not fewer, but 
more, were likely available. The bulk of I. obsoleta had remained 
uninfected (NI) for many years and only 14% had accumulated 
infections. The host resource is abundant, but most of it goes 
unused. Many snail populations exhibit low prevalence (Curtis, 
1997; Esch et a!., 2001; Curtis, 2002) and limited utilization of 
host resources is common. 
Some I. obsoleta populations contain only larger (older) 
individuals and it is not automatic that new juveniles are regularly 
recruited. The population under study is continuously recruiting 
during the reproductive season, evidently in the direct path of 
ebbing currents from Rehoboth Bay. Veliger larvae are plank-
tonic for 2-3 wk and can delay settlement for a time until a 
suitable substratum is located (Scheltema, 1961). Therefore, 
settling larvae could have been spawned within Rehoboth Bay, 
or outside. The wide and long ditch of sites 1, 2, and 3 illustrates 
that larvae do not simply settle everywhere. Snails along that 
ditch are sparse, large, and mostly infected. Apparently, I. 
obsoleta larvae seldom, if ever, settle there. 
If recruitment is spatially limited, how does the snail resource 
come to be so widely distributed in the study area? Larvae would 
have settled elsewhere in the past and there is movement as adults 
to consider. Recent work on movements of individual snails 
(Curtis, 2005, 2007a, 2007b) shows that infected and uninfected 
adult and juvenile I. obsoleta randomly move around quite a bit, 
perhaps 100 m in a matter of days, but they do not readily bypass 
topographical obstacles (sandbars, small islands). Most sampling 
locations in this study area were separated by > 100 m and usually 
by I, or several, islands. A short-term general mixing of snails 
among locations is not possible. However, some snails have been 
living in the study area for decades (Curtis et a!., 2000; Curtis, 
2003). Over that scale of time, there would be a slow spreading 
and mixing of snails into areas such as the ditch mentioned above. 
The current distribution of snails must be the product of several 
decades of larval settlement and adult movement. The snail 
resource in the study area is spatially heterogeneous in density 
and size, but vast, renewable, and widespread. 
There was also spatial heterogeneity in the proportion of snails 
parasitized. Prevalence tended to be greater where snails were 
sparse and larger (older). The relationship between snail density 
and prevalence was discussed by Kuris and Lafferty (2005). 
Following Ewers (1964), they suggested this pattern might result 
from relatively few infective stages (miracidia). If miracidia were 
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few, a greater proportion of snails at low density would be 
infected. In contrast, they also posed that among more dense 
snails (and more abundant miracidia) more snails might be 
infected, but the proportion infected would be lower. It is 
predicted here that not only numbers of miracidia, but their 
success rate, would affect these propositions. As noted by Kuris 
and Lafferty (2005), these scenarios would best apply in a small-
scale, short-term transmission situation. The I obsoleta system is 
neither. Snails do not remain in stable groups of characteristic 
density. Individuals move about randomly (Curtis, 2005, 2007a, 
2007b). Further, infections accumulate over decades (Curtis, 
1997). Greater prevalence among sparsely distributed, larger 
snails likely has more to do with snail age than with density. 
Do parasite species tend to occur (or not) at locations with 
other parasite species? The general test seeking spatial associa-
tions in the distributions of snails infected with certain trematodes 
led to the conclusion of no associations. A pair of species might be 
associated if they co-occurred (or not) at the same places, 
infecting different snails or the same snails. There were 5 
categories of multiple infections found in the present study, even 
though overall prevalence was low. The 1 positively associated 
species pair, Av and Ga, did not coinfect snails, as they sometimes 
did in other investigations (Curtis, 1997). Some species are often 
found in multiple infections, most notably Zr, Av, and Ga. Some 
species pairs seldom coinfect snails, e.g., Hq and Av (Curtis, 
1997). Such associations failed to be manifested here. Also, 
exclusive of Av and Ga, species did not co-occur or avoid one 
another in separate snails at a given site. In this area, parasite 
species spatially exploit a vast host resource inefficiently and for 
the most part independently of each other. 
Species associations and nesting of assemblages are closely 
related topics (Wright'and Reeves, 1992). Trematode species tend 
not to be spatially associated in where they infect snails. However, 
analyses indicate that parasite assemblages wer~ nested by 
location within the study area. Nestedness was also detected 
among assemblages of species infecting I obsoleta at 9 more 
widely separated sites (Esch et aI., 2001). At both scales, species-
poor assemblages are nonrandom subsets of species-rich assem-
blages. The most widely distributed species in both analyses were 
Hq, Ls, and Zr. Birds bring Hq to snail habitats, and fish bring Ls 
and Zr. In the present study, Zr was found at all locations, with 
Hq and Ls the next most widespread. These species, or a subset of 
them, are likely to be found in any assemblage. If additional bird 
parasites (Av and Ga) also arrive at a site, then this should 
produce increased richness of assemblages. This would also be the 
likely cause of assemblages being nested according to the site of 
collection. The basis for these species showing up at more 
locations than others is complicated. It could have to do with 
where definitive hosts deliver infective stages of parasites (Smith, 
2001; Hechinger and Lafferty, 2005; Byers et aI., 2008), 
concentrations of similarly infected snails (Curtis, 2005, 2007a, 
2007b; not likely involved in this much-divided habitat), or 
recruitment success by infective stages. 
A brief depiction of a trematode life cycle (Ginetsinskaya, 1988; 
Bush et aI., 2001), fitting the involved trematodes, is a necessary 
starting point for considering the exploitation of snails. A snail is 
the first intennediate host in the life cycle. A snail infection 
consists of asexually produced sporocysts, or rediae, or both, and 
their cercariae, Cercariae, a swimming stage, emerge from the 
snail. Before energy is depleted (usually within a few hours) they 
must reach a suitable second intermediate host (usually an 
invertebrate or a fish) where they can encyst as metacercariae. 
When a vertebrate definitive host eats an infected second host, 
these stages develop into sexually mature adults. Adults produce 
capsules, often referred to simply as eggs, which are systems of 
membranes (a shell) containing a zygote and a number of yolk 
cells. Eggs exit with host fecal material. A fertilized egg develops 
into a ciliated miracidium that emerges from the eggshell and 
seeks a snail to infect. If the miracidium is successful, the cycle is 
completed. 
Some 30 natural hosts are known for the 6 I obsoleta 
trematodes encountered here (Fig, 4). Three other trematodes 
known to infect I obsoleta along Delaware shorelines (Curtis, 
1997) would add even more hosts. A network of interactions 
among this array of host species, likely influenced by these 
parasites, can reasonably be predicted, but this is largely a "black 
box." Although new infonnation is being gathered over time (e.g., 
McCurdy and Moran, 2004), the effects on second intermediate 
and definitive hosts are still largely unknown for marine parasites 
(Rohde, 1993). 
Since the work of Crofton (1971), it has been appreciated that 
individual parasites tend to aggregate in a few members of a host 
population. However, this metric in the context of I obsoleta 
larval trematodes does not apply, because a snail is generally 
infected by a single miracidium that asexually produces clonal 
descendants (sporocysts, rediae, cercariae). These are many, but 
genetically represent just 1 "genetic individual" per host (or 
perhaps a few, Keeney et aI., 2007). Parasite aggregation as used 
here refers to the spatial dispersion of infections in space within 
the host population. If infective stages (miracidia) were evenly 
distributed and equally successful throughout the snail habitat, we 
might expect infections to be uniformly spread in the snail 
population, This is not the case, as indicated by the clumped 
spatial dispersions of infected snails and parasite assemblage 
nestedness. Except for Zr, all infections were at least twice as 
aggregated among samples as NI snails. Nestedness indicates that 
there are places where more trematode species can infect snails 
and others where (predictably) fewer can. At the least, we can say 
that there is more to the distribution of most trematodes in the 
snail population than simply the distribution of snail hosts. If 
infected snails cannot move between most locations, then snails at 
different locations appear exposed to infective stages of different 
trematode species. Sets must be determined by where definitive 
hosts deposit capsules and their dispersal, or that of miracidia 
from them, afterward. 
The problem in sorting out the factors involved in trematodes 
infecting I obsoleta is that miracidia have seldom been observed 
in the laboratory, never mind studied in the field, Further, little is 
known about parasite egg deposition by definitive hosts, 
Stunkard (l938b) was able to observe the swimming miracidia 
of Zr. Chu and Cutress (1954) working with a different snail and 
ruddy turnstones in Hawaii described the swimming miracidia of 
Av. On the record, miracidia of other I. obsoleta trematodes have 
never been observed. Most of the definitive hosts in Figure 4 
occur in Rehoboth Bay, Certainly gulls, herons, clapper rails, 
sandpipers, flounders, and eels are all present. A perusal of 
Figure 4 references with respect to definitive hosts shows that 
these hosts are quite often infected. As they pursue daily activities 
parasite eggs would be scattered about the area in fecal materials. 
Miracidia shed from eggs would seek snails to infect. Given the 
definitive hosts 
fish (none known) 
2nd hosts 
Mya arenaria 
Scoloplos fragilis 
L 
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definitive hosts 
Larus argentatus 
Larus atricilla 
Larus marinus 
Nycticorax nycticorax 
~ Himasthla quissetensis Ral/us longirostris ~ 2ndhost 
Pygospio elegans 
2nd host 
Anguilla rostata 
definitive hosts 
Larus argentatus 
Larus atricilla 
Calidris arenaria 
Ammospiza maritima 
Charadrius wilsoni 
Ral/us longirostris 
Crocethia alba 
Opsanustau 
Sphaeroides 
maculata 
tenue 
Gynaecotyla 
adunca 
Lepocreadium 
setiferoides 
Zoogonus 
rubel/us 
definitive hosts 
Hippoglossoides 
platessoides 
Pseudopleuronectes 
americanus 
2nd host 
Neries virens 
Balistes 
carolinensis 
Procyon lotor 
Austrobilharzia 
variglandis 
definitive host 
Anguilla rostata 
2nd hosts 
Talorchestia 
longicornus 
Talorchestia 
megalopthalmia 
Uca pugilator 
Corophium volutator 
r 
definitive hosts 
Larus argentatus 
Larus atricilla 
Arenaria inter pres 
2nd hosts 
not used 
FIGURE 4. Natural hosts (Atlantic coast of North America) in the life cycles of species of trematodes in Ilyanassa obsoleta collected in this study 
(Fig. I). References: for Himasthla quissetensis (Hq), Uzmann (1951), Brown and Prezant (1986), Stunkard (J938a), Ehrhardt et al. (1966), Heard (1970); 
for Lepocreadium setiferoides (Ls), Stunkard (1972), McCurdy et al. (2000); for Zoogonus rubel/us (Zr), McCurdy and Moran (2004), Stunkard (l938b); 
for Austrobilharzia variglandis (Av), Ehrhardt et al. (1966), Chu and Cutress (1954); for Gynaecotyla adunca (Ga), Rankin (1940), Hunter (1950), Hunter 
and Chait (1952), Hunter and Vernberg (1957), Ehrhardt et al. (1966), Hunter (1952), Harkema and Miller (1962), Heard (1970), McCurdy et al. (2000); 
and for Stephanostomum tenue (St), Oliviera and Campbell (1998). 
number and distribution of snails in the area, one might think 
there would be no problem finding a host to infect, but apparently 
there is a problem that occurs somewhere in the chain of events 
from definitive host to snail. This is indicated by several possible 
factors. First, it has been shown at higher-prevalence sites that the 
probability of a snail gaining an infection is small (Curtis, 1996, 
2003; Curtis and Tanner, 1999). Second, in the area studied, the 
most abundant trematode (Hq) infected only 5.5% of snails and 
most of those infections had likely been resident in snails for 
several years (Curtis, 1997, 2003; other infections brought total 
prevalence to only 14% of the snails and many of those infections 
too likely had been resident for many years). Third, most snails in 
the area had existed trematode-free for many years as well. 
Prevalence is very high in some I. obsoleta populations (see the 
map in Curtis [1997] showing sites mentioned below). About 
15 km north of the present study area, at the mouth of Delaware 
Bay, is the Cape Henlopen sandflat. There, 8 trematodes were 
found, at a collective prevalence of 62.3% among 7,500 I. obsoleta 
dissected. At another site about 8 km away, i.e., Gray's Point in 
Indian River Bay, 78.9% of 804 dissected snails were infected with 
7 species (Curtis, 1997). The Savages Ditch area, on the northern 
edge of the present study area, is another high-prevalence snail 
population (e.g., Curtis, 1997, 2003, 2007a, 2007b; Curtis et aI., 
2000). 
In the habitat of the present study, even at locations where most 
species were present, infrequent transmission from definitive hosts 
to snails takes place. Based on literature data (Fig. 4), it appears 
that neither second nor definitive hosts are as inefficiently utilized. 
Transmission to those hosts, so far as can be determined from 
infection prevalence, is more frequent than it is to the snail. Other 
hosts are generally not nearly so long-lived as I. obsoleta, and high 
prevalence in them would not be able to build up over time. A key 
inefficiency in these trematode life cycles seems to reside in the 
step from definitive host to the snail, but the step( s) is (are) not 
known. It is admittedly specula"iion, but it seems unlikely that the 
problem is too few parasite eggs. In the present study, Zr occurred 
at all locations, but at an overall prevalence of only 3.6%. Eels are 
the known definitive host and they must have shed eggs near all 
locations. If infected eels were scarce, the distribution of Zr-
infected snails would be more clumped. Moreover, the high-
prevalence sites in the area, Cape Henlopen, Gray's Point, and 
Savages Ditch, indicate that infected definitive hosts are available. 
If only that were needed, more snails in the study area would be 
infected. Some of the difference could result from differential 
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visitation by definitive hosts, but even at high-prevalence sites, 
snails are colonized slowly by trematodes. An additional factor 
seems to be at play in the study area. I propose that the key 
inefficiency in the exploitation of 1. obsoleta lies in the nature of 
miracidia, i.e., the way they are adapted. These larval stages are 
microscopic and all undoubtedly swim by using cilia, depleting their 
stored energy reserve quickly, Other than at slack tide, currents in 
the narrow channels of this habitat would sweep them along 
rapidly. Abundant as snails are, miracidia would have a difficult 
time stopping to achieve an infection. An area termed the "rush" by 
Curtis (2007b) has strong tidal currents. Snails living there bore few 
infections, but snails only meters away in adjacent, lesser-current 
areas possessed many. Field studies with miracidia would be very 
difficult, but are needed to investigate why (if) infection of this snail 
is a major life-cycle obstacle for these parasites. 
Dronen (1978) concluded that miracidia are an obstacle. He 
studied the dynamics of the suprapopulation (all stages in all hosts) 
of the trematode Haematoloechus complexus. Prevalence was lowest 
in snails (5-7%), next highest in dragonfly second intermediate 
hosts (15-17%), and highest in frog definitive hosts (69-76%). 
Miracidia were transmitted to snails at the lowest rate among life-
cycle steps. In the 2-yr study, an egg had only a 0.02 and 0.01 % 
chance of becoming successful in infecting a snail. That snail (Physa 
virgata) is short-lived (1 or 2 yr) and had to ingest trematode eggs in 
its first 3 wk of life, whereas 1. obsoleta lives long, miracidia 
apparently swim, and a snail of any age can be infected. It can only 
be surmised how these differences affect chances of success for 
miracidia. Dronen (1978) concluded that were miracidia more 
efficient, H. complexus would become destructively abundant in I, 
or more, of its hosts and put its own suprapopulation at risk. In 
their long lives, infected 1. obsoleta can produce abundant numbers 
of cercariae on a dally basis (Curtis and Hubbard, 1993), The 
massive lifetime output of cercariae must balance the small chance 
oflife-cycle completion (Curtis, 2003) and inefficient miracidia may 
be a main obstacle needing to be balanced. 
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CHANGES IN GENE EXPRESSION IN EUROPEAN EELS (ANGUILLA ANGUILLA) INDUCED 
BY INFECTION WITH SWIM BLADDER NEMATODES (ANGUILLICOLA CRASSUS) 
Geraldine Fazio, Helene Mone, Catherine Da Silva, Gael Simon-levert, Jean-Franc;ois Allienne, Raymonde lecomte-Finiger, 
and Pierre Sasal 
Laboraloire de Biologie el d'Ecologie Tropicale el Medilerraneenne. UMR 5244 CNRS-EPHE-UPVD, Universile de Perpignan Via Domilia, 
52 Avenue Paul Alduy, 66860 Perpignan Cedex, France. e-mail.·fazio@univ-perp.fr 
ABSTRACT: The European eel, Anguilla anguilla, is considered an endangered species that is under pressure for many reasons. Among 
others, the introduced parasite Anguillicola crassus is thought to play an important role in the decline of eel populations. These 
nematodes have been shown to negatively affect many fitness-related traits in eels, e.g., growth, osmoregulation, and stress tolerance. 
Nevertheless, there has been little work on the way in which the host-parasite interaction influences the molecular regulation of these 
key physiological processes. We experimentally analyzed the effect of this nematode on the expression of genes involved in the 
physiology of European eels during their continental life. Included are genes that are implicated in the eel's somatic growth (insulin-like 
growth factor I and thyroid hormone receptor ~), osmoregulation (Na+/K+-ATPase ~I and aquaporin 3), and hematopoiesis 
(hemoglobin a-chain). Our results showed the absence of an effect on genes involved in fish growth; the parasite may, however, have an 
effect on osmoregulation and hematopoiesis. We also noted a differential impact of male and female parasites on the expression of 
some genes, perhaps owing to the sexual dimorphism in body size of the parasite. 
Many eel populations, especially of Anguilla anguilla, A. 
rostrata, and A. japonica, have suffered a steep decline since the 
early 1980s (Moriarty, 1987; Brush~, 1990; Haro et aI., 2000; Tseng 
et aI., 2003; Wirth and Bernatchez, 2003). Explanations for these 
declines include climate change, freshwater habitat destruction, 
physical obstructions to migrations, pollution, over fishing, and 
disease. With respect to the last point, it should be noted that 
emerging aggressive and widespread viruses have recently been 
characterized in eels (Van Ginneken et aI., 2004). The most often 
reported macroparasites in the European eel, A. anguilla, are the 
monogeneans Pseudodactylogyrus anguillae and P. bini (K0ie, 
1991) and the swim bladder nematode, Anguillicola crassus. This 
latter is thought to playa significant role in the decline of Atlantic 
eel species A. anguilla and A. rostrata (Sures and Knopf, 2004). 
This parasite was accidentally introduced into Europe in the early 
1980s via importation of infected Japanese eels (A. japonica, the 
native host) from Taiwan into Germany. The nematode then 
rapidly spread through farmed and wild populations of A. 
Anguilla in Europe (for a synthesis, see Kirk, 2003). In Europe, 
A. crassus induced unusually heavy mortalities in eels, both in 
intensively farmed stocks, in association with secondary bacterial 
infections (Liewes and Schaminee-Main, 1987; Mellergaard, 1988; 
Van Banning and Haenen, 1990), and in wild populations, in 
combination with stressful abiotic conditions (Molnar et aI., 1991; 
Csaba et aI., 1993; Barus, 1995). Pathology induced include 
thickening, inflammation, fibrosis, and changes in the epithelial 
cells of the swim bladder wall, as well as alterations of the gas 
secretion into the swim bladder. Moreover, infected eels exhibit a 
decrease in body weight; bacterial lesions in the posterior part of 
the abdomen; changes in hematological parameters; increased 
cortisol level; decreased amino acid and inorganic element levels; 
reduced swimming performances; and lower resistance to stress 
such as netting, high temperatures, or hypoxia (Kirk, 2003; 
Kennedy, 2007). Thus, there exist ample data describing the 
effects of the nematode on eel health and performance. 
Nevertheless, there is still a lack of knowledge on the biological 
understanding of the host-parasite interaction, e.g., the way by 
which A. crassus has an effect on pathways involved in 
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physiological mechanisms regulating growth, osmoregulation, or 
stress tolerance. 
Proteomics and genomics are fast-moving disciplines that may 
give a new dimension to host-parasite interaction studies (Biron 
et aI., 2005). Differential gene expression has been recently used in 
fish-parasite models to investigate the global processes underlying 
host susceptibility or resistance (Collins et aI., 2007; Severin and 
El-Matbouli, 2007; Baerwald et aI., 2008) and to estimate the 
expression of specific immune genes related to pathogen and 
parasite infections (Fast et aI., 2006; Faliex et aI., 2008; Sitja-
Bobadilla et aI., 2008). In both cases, gene expression seemed to 
be a powerful tool for analysis of physiological responses by a 
host infected to a given parasite. In a previous study conducted on 
naturally infected eels, we analyzed the relationships between the 
macroparasite community of the European eel and the expression 
of genes involved in the host physiology during its continental life, 
e.g., heat shock protein 70, metallothionein, thyroid hormone 
receptor ~ (~THR), Na+jK+-ATPase ~1 (NKA~I), freshwater rod 
opsin, and deep-sea rod opsin (Fazio, Mone et aI., 2008). We 
showed, among others, first an absence of relationship between 
the abundance of the nematode and the expression level of the 
thyroid hormone receptor ~ gene, which is mainly involved in 
growth and, to a lesser extent, in osmoregulation and metamor-
phosis; and second, a significant negative relationship between the 
abundance of the nematode and the expression level of the Na+j 
K+-ATPase ~I gene, which is key in osmoregulation. We 
hypothesized that A. crassus may alter the eel's homeostatic 
equilibrium by inducing changes in gene expression, being aware 
that an experimental approach was required for confirmation. 
The present study focused on the impact of A. crassus on eel 
physiology during the growth phase, which is the longest part of 
an eel's continental life. Our intention was to validate in 
artificially infected eels these results and to further investigate 
the effect of A. crassus on pathways involved in physiological 
mechanisms that regulate an eel's somatic growth and osmoreg-
ulation. Moreover, we attempted to select a gene specifically that 
is involved in hematopoiesis because blood is an essential dietary 
component of the parasite. We examined, under experimental 
conditions, the expression of genes implicated in the eel's somatic 
growth, i.e., insulin-like growth factor I (IGF-I) and thyroid 
hormone receptor ~, as well as osmoregulation, i.e., Na+jK+-
ATPase ~I and aquaporin 3 (AQP3), and hematopoiesis, i.e., the 
FAZIO ET AL.-GENE EXPRESSION AND A CRASSUS IN EELS 809 
hemoglobin I)(-chain (Hbl)(). We determined if there was a TABLE I. Eel infection protocol and survival during maintenance 
qualitative (uninfected vs infected), or a quantitative (biomass in aquaria. 
of the parasite) influence of the nematode on gene expression, or 
both. Because of the large sexual dimorphism of the parasite, we 
also tested the potential effect of the sex of the parasite. 
MATERIALS AND METHODS 
Collection and husbandry of eels 
Glass-eel stages of the European eel (Anguilla anguilla L.) from a single 
age cohort were caught in January 2004 at Salses-Leucate Lagoon 
(42.80o N, 03.00o E, Pyrenees-Orientales, France). They were brought to the 
laboratory in oxygenated lagoon water and transferred into 10 100-L 
tanks filled with artificial salt water (23 giL). A subset of individuals (n = 
56) were randomly selected and examined for macroparasites; no parasites 
were found in the swim bladder, the gills, or the digestive tract. The 
remaining eels were allowed to acclimatize and develop in aquaria; they 
were fed ad libitum with commercial pelleted food (Trouvit, Hendrix 
S.p.A., Varese, Italy), from January to December 2004. During the first 2 
mo of the experiment, the water salinity was reduced by 2-3 giL weekly 
until it reached 3 giL, and then it was maintained at this level until the end 
of the experiment. Glass-eels were caught with French Affaires Maritimes 
authorization (order 2004/324). 
Cultivation of Third-stage (L3) Larvae of A. crassus 
L3 larvae of A. crassus were cultivated following a modified version of the 
procedure described by De Charleroy et al. (1990) and Haenen et al. (1994). 
Second-stage (L2) larvae and eggs containing L2 larvae of A. crassus were 
isolated from naturally infected yellow eels (A. anguilla) caught in 
Mediterranean lagoons. L2 and eggs were suspended into freshwater and 
incubated for 2 or 3 days at 20 C until hatching. Copepods (Cyclops spp.) 
collected at the Villeneuve-de-Ia-Raho Lake (42.63°N, 2.90oE, Pyrenees-
Orientales, France) were fed with L2 larvae. Subsequently, infected 
copepods were maintained at 24 C in oxygenated water and fed once a 
day with paramecia. L3 larYae were confirmed using a photonic microscope 
by the presence of a brace-shaped sclerified structure at the anterior end of 
the larvae, called the "buccal ornamentation" (Blanc et aI., 1992). At this 
point, L3 larvae were harvested from the copepods with a potter in 
physiological serum (8.50/00) and counted using a binocular microscope. 
Eel infection protocol and rearing conditions 
The experimental infections of A. anguilla were performed between 
December 2004 and February 2005. Eels ranging from 100 to 300 mm 
were anesthetized in 0.1 milL eugenol (Merck Schuchardt OHG, 
Hohenbrunn, Germany). Artificial infections were performed as described 
in Fazio, Sa sal et al. (2008). Briefly, 25, 50, 75, or 100 L3 larvae were 
deposited in the stomach of randomly chosen eels (see Table I for eel 
sample sizes), using syringes with a blunt cannula filled with physiological 
serum. These doses were chosen based on the mean parasite recovery 
(15%) obtained by Haenen et al. (1996) after artificial infection of eels 
using a similar protocol. Therefore, we expected to obtain a wide range of 
individual numbers, which would be consistent with that found in the 
wild. In total, 46 eels were kept uninfected as controls. Eels were 
maintained in aquaria for 2, 8, 12, and 20 wk to investigate the host-
parasite relationship at different times post-infection (PI). During the 
experiment, eels were still fed ad libitum. All the tanks were in a single 
room where the photoperiod was 12/12 hr, and the temperature was 
between 20 and 25 C. Each experimental tank was placed in a recirculating 
system (320-760 Llh) with a mechanical-biological filter (model 2042020, 
Eheim, Deizisau, Germany), and water was aerated using air stones. 
Uneaten food and feces were siphoned out twice each week, and tank 
water was entirely renewed weekly with water that previously passed 
through an ultraviolet lamp to prevent bacterial contamination. Mortality 
that occurred during maintenance in aquaria was a consequence of both 
accidental escapes from tanks and intensification of fights between 
individuals as eels were getting older (see the percentage of mortality at 
20 wk PI in Table I). The infection procedure had no effect on eel survival 
as shown by the extent of mortality recorded at 2 wk PI in controls and 
eels exposed to L3 larvae (Table I). 
Dose of L3 larvaet 
Wk PI* 0 25 50 75 100 
2 14; 10 (29) 11; 8 (27) II; 11 (0) 12; II (8) 10; 8 (20) 
8 13; 9 (31) 12; II (8) 10; 6 (40) 13; 5 (62) 10; 10 (0) 
12 9; 9 (0) 12; 10 (17) 7; 2 (71) 7; 4 (43) 7; 2 (71) 
20 10; 4 (60) 10; 6 (40) 10; 6 (40) 10; 2 (80) 10; 6 (40) 
* Week post-infection. 
t Data are presented, for each interval of infection and for each dose of third-stage 
(L,) larvae, as follows: sample size at the time of infection; sample size at the time 
of death (percentage of mortality during maintenance in aquaria). 
Parasite recovery and tissue conservation 
Before dissection, the eels were again anesthetized, weighed (total 
weight to the nearest 0.1 g), measured (total length in millimeters), and 
then instantly killed by beheading. Furthermore, for infected eels, 
individual total weight was corrected by subtracting the total parasite 
biomass (see below). The condition factor at the time of host death (Kcnd) 
was calculated as Kend = (weight/length3) X 100, with weight in grams and 
length in centimeters (Bolger and Connolly, 1989). 
Swim bladders were examined using a binocular microscope for the 
recovery of parasites. The developmental stage (L3 larvae, L4 larvae, or 
adult) and the sex (for adult parasites) were determined. We checked for 
the presence of L2 larvae and eggs in the lumen of the swim bladder. Both 
male and female adults of each swim bladder were weighed to the nearest 
milligram. The total parasite biomass was then calculated for each eel by 
adding up the male and female biomasses. 
The gills, liver, intestine, and kidney were immersed in RNAlater® 
(Ambion Inc., Austin, Texas) and were stored at -20 C for further 
molecular analysis. 
Target genes 
The effect of A. crassus on physiological mechanisms regulating somatic 
growth was inferred by analyzing the expression of IGF-I and thyroid 
hormone receptor ~ (~THR) in the liver. In vertebrates, the endocrine 
control of growth is mainly mediated by the somatotropic, thyrotropic, 
and gonadotropic axes (Boeuf et aI., 1999). IGF-I belongs to the 
somatotropic axis, in which it plays an essential role in the regulation of 
development and somatic growth. This hormone is also implicated in 
reproductive and osmoregulatory functions, but to a lesser extent. The 
liver is the primary site of IGF-l production. In fishes, the expression of 
hepatic IGF-I and subsequent peptide production are mainly stimulated 
by growth hormones (Duan, 1997; Moriyama et aI., 2000; Mommsen, 
2001). In the European eel, IGF-I has been shown to inhibit growth 
hormone release and to stimulate luteinizing hormone production (Huang 
et aI., 1998). ~THR belongs to the thyrotropic axis. Thyroid hormones 
exert their major effect by binding to nuclear THR that act as DNA-
binding transcription factors (Wu and Koenig, 2000). The main role of 
thyroid hormones in fish is regulation of growth, development, and 
reproduction (Cyr and Eales, 1996; Power et aI., 2001). These hormones 
also promote the larval-to-juvenile transition (metamorphosis; Shiao and 
Hwang, 2006) and playa role in osmoregulation (Knoeppel et aI., 1982). 
The down-regulation of hepatic ~THR gene expression was associated 
with a decrease in general growth rate (Yang et aI., 2007). In the European 
eel, thyroid hormones were found to regulate pigmentation (Jegstrup and 
Rosenkilde, 2003) and migratory behaviour (Edeline et aI., 2004) of the 
glass-eel stage and to exert a negative feedback on the growth hormone 
production in the silver-eel stage (Rousseau et aI., 2002). 
The effect of A. crassus on physiological mechanisms regulating 
osmoregulation was inferred by analyzing the expression of the genes 
for NKA~I in the gills and the intestine, and AQP3, in the gills. In aquatic 
organisms, the control of body fluid composition and osmolarity is 
mediated, at the molecular level, by the active transport of ions and water 
in the secretorylabsorptive epithelia of the gills, intestine, kidneys, and 
urinary bladder (Cutler et aI., 1996). NKA~I and AQP3 are transmem-
branous proteins that allow the active exchange of extracellular K+ with 
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intracellular Na+ and the active removal of intracellular water. In 
euryhaline fishes, such as the European eel, they playa major role in 
the osmoregulatory processes (Perry, 1997; Cutler and Cramb, 2001, 2002; 
Cutler et aI., 2007). 
The effect of A. crassus on physiological mechanisms regulating 
hematopoiesis was inferred by analyzing Hbo: gene expression in the 
kidney (Soldatov, 2005). 
Molecular analysis 
Total RNA of each organ was extracted using TRIzol (Invitrogen, 
Carlsbad, California) according to the manufacturer's protocol. RNA 
concentrations were read spectrophotometrically. Two micrograms of 
RNA was used to synthesize cDNA in a total volume of 20 III containing 
I X first-strand buffer, 0.5 Ilg of oligo(dT) as primer, 0.5 mM 
deoxynucleoside triphosphates (dNTPs), 10 mM dithiothreitol, 40 U of 
RNaseOUT (Invitrogen), 200 U of Moloney murine leukemia virus 
reverse transcriptase (Invitrogen), and diethyl pyrocarbonate (DEPC) 
water, according to the manufacturer's protocol, and stored at -20 C until 
use. 
To obtain the cDNA sequences of the European eel Hbo: gene and IGF-
I gene, cDNA templates were randomly chosen among those obtained 
after reverse transcription of RNAs from each kidney and liver. Five 
cDNA templates of each organ were used to specifically amplify the Hbo: 
gene and the IGF-l gene. For each gene, primers specific to conserved 
regions were designed by aligning at least 5 teleost cDNAs sequences 
found on GenBank: HbO:(teleosts)-forward 5' -GANGCTCTGGGC-
AGGATG-3', HbO:(te1eosts)-reverse 5' -CAGGAACTTGTCAACNGA-3', 
IGF-I(te1eosts)-forward 5'-TAATGACTTCAAACAAGTTC-3', and IGF-
l(te1eosts)-reverse 5' -AGCTCCGCCCCGCACAG-3'. Polymerase chain 
reaction (PCR) was performed in 20-1l1 mixtures containing 3 III of 
diluted (1/100) first-stand cDNA, 1 X PCR reaction buffer, 0.2 mM 
dNTPs, 0.35 IlM each primer, I U of GoTaq M3175 (Promega, Madison, 
Wisconsin), and DEPC water. PCR cycling conditions were initial 
denaturation at 96 C for 3 min, 35 cycles of 96 C for 30 sec, 50 C for 
25 sec, and 72 C for 30 sec, followed by a final extension at 72 C for 2 min 
for Hbo:; and initial denaturation at 96 C for 2 min 30 sec, 35 cycles of 96 
C for 25 sec, 48 C for 20 sec, and 72 C for 12 sec, followed by a final 
extension at 72 C fori min for IGF-l gene. For each mRNA to be 
analyzed, the absence of contaminating DNA was verified by running a 
non-reverse transcription (RT) control using the same specific primers. 
The amplification products were tested by electrophoresiS-in 1% agarose 
gels and visualised by staining with ethidium bromide. Amplicons of 311 
base pairs (bp) and 217 bp, corresponding to the Hbo: gene and the IGF-l 
gene, respectively, were excised from the gels, purified with the Wizard® 
SV Gel and PCR Clean-Up System kit (Promega), and sequenced in both 
directions (CEQTM DTCS-Quick Start kit, Beckman Coulter, Fullerton, 
California) with the CEQTM 8000 (Beckman Coulter). Sequences were 
obtained using the CEQTM 8000 sequence analysis software. Sequence 
analysis was performed using Sequencher™ software (Gene Codes 
Corporation, Ann Arbor, Michigan). 
Real-time PCR was carried out using a LightCycier (Roche Diagnostics, 
Basel, Switzerland). Reactions were set up in microcapillaries using the 
following concentrations in a final volume of 10 Ill: 0.5 IlM each primer, 
3.5 mM of MgCI2, I X SYBR Green Master Mix (Roche Diagnostics), and 
I III of cDNA. Primers for the real-time PCR were designed using the 
LightCycier Probe Design software (Roche Diagnostics, PE Applied 
Biosystems, Mannheim, Germany) on the basis of the European eel cDNA 
sequences. Accession numbers, primer characteristics, and amplicon 
lengths are shown in Table II. The PCR cycling conditions were as 
follows: cDNA denaturation for 10 min at 95 C, followed by 40 cycles of 
15 sec at 95 C, primer annealing for 5 sec at the specific temperature 
(Table II), and a specific time extension at 72 C (Table II), with 
fluorescence measured at the end of every annealing and extension step. 
Reactions for each sample were performed in duplicate. Each PCR was 
calibrated with a pool of cDNA and a negative control (I III of H20 was 
used). The specificity of the amplification of each sample was ensured by 
examination of the melting curves. Choice of reference gene in real-time 
RT-PCR is always difficult to undertake, because no single gene has a 
constant expression level. However, in fish studies, ~-actin could be 
considered as one of the most stable reference genes (Olsvik et aI., 2005). 
An average value of cycle threshold (Ct) of the duplicates was calculated 
and corrected with the mean value of the calibrator duplicates for each 
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TABLE III. Biological characteristics (mean ± SD) of eels at time of death. 
No. of eels Length (cm) 
WkPI* Uninfected Infected Uninfected Infected 
2 10 38 14.1 ± 1.2 14.8 ± 0.9 
8 9 32 14.6 ± 2.4 15.9 ± 2.2 
12 9 18 16.1 ± 1.5 17.0 ± 3.1 
20 4 20 21.6 ± 7.2 24.1 ± 6.4 
• Week post-infection. 
sample. Relative level of cDNA (.1.Ct) of each gene was calculated as .1.Ct 
= mean Cttarget gene - mean Ctactin; the effect is a negative relationship 
between the .1.Ct value and expression level ~EL) of target genes. PCR 
efficiency (E) was calculated as E = 1O(-lIs ope) (slope was calculated 
performing a PCR on serial dilutions of a pool of cDNA). The relative 
ratio of the target gene expression (reIR) between 2 samples "a" and "b" 
was calculated as relR = 2-MC" with .1..1.Ct = .1.Cta - .1.Ctb, according to 
the manufacturer's recommendations for E 2: 1.95. In our work, all E 
values were found to be higher than 1.95. 
Statistical analysis 
Nonparametric Mann-Whitney U-tests were performed to compare 
condition factor of eels at time of death (l("nd) between 2 small and 
unequal samples (uninfected and infected eels) (Zar, 1999). 
Samples for which the difference between duplicates was more than 0.2 
cycles were removed from statistical analysis. Because there is a negative 
relationship between the .1.Ct value and EL of target genes, .1.Ct data were 
transformed to be more comprehensible and legible. First, the maximum 
.1.Ct value found for a target gene was subtracted from all the others found 
for the same gene, resulting in all .1.Ct values < o. Second, the absolute 
value of each .1.Ct value (I.1.Ctl) was calculated, resulting in a positive 
relationship between the I.1.Ctl value and EL of target genes. 
For each interval of infection, we investigated the effect of (1) the most 
represented developmental stage of the parasite and (2) each sex on gene 
expression. Mann-Whitney U-tests were performed to compare target 
gene EL between uninfected and infected eels (Zar, 1999). §imple linear 
regressions were used to test the relationship between the biomass of 
parasites and EL of the studied genes. Normality of dependent variables 
was tested with the Shapiro-Wilks test. All distributions of gene .1.Ct 
values were normally distributed (P > 0.05). Sequential Bonferroni 
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Weight (g) Condition factor (g/cm3) 
Uninfected Infected Uninfected Infected 
3.2 ± 1.1 3.7 ± 0.8 0.109 ± 0.014 0.114 ± 0.013 
4.8 ± 3.0 5.6 ± 2.3 0.138 ± 0.020 0.128 ± 0.012 
4.5 ± 1.4 5.9 ± 1.3 0.107 ± 0.011 0.119 ± 0.015 
21.1 ± 21.8 27.1 ± 26.9 0.151 ± 0.035 0.144 ± 0.030 
corrections (Holm's method) were used to control the type I error rate for 
each experimental time (Bonferroni adjustment = 6) (Rice, 1989). 
RESULTS 
Biological characteristics of un infected and infected eels 
Table III shows the biological characteristics of eels at time of 
death. Mann-Whitney V-tests revealed that the condition factors 
at the time of death (Kend) in uninfected and infected eels were not 
significantly different at 2 wk post-infection (PI) (nuninfected = 10, 
ninfected = 38, V = 147, P = 0.28), 8 wk PI (nuninfected = 9, ninfected 
= 32, V = 105, P = 0.23), 12 wk PI (nuninfected = 9, ninfected = 18, 
V = 121, P = 0.05), or 20 wk PI (nuninfected = 4, ninfected = 20, V 
= 38, P = 0.91). 
Experimental infections 
Table IV shows the results of experimental infections for each 
interval of infection. At 2 wk PI, the most represented 
developmental stage was the L3 larva. At 8 wk PI, the most 
represented developmental stage was the adult. The ensemble of 
females was, on average, 8 times heavier than the ensemble of 
males. At 12 wk PI, the most represented developmental stage was 
the adult. The ensemble of females was on average 11 times 
heavier than the ensemble of males. At 20 wk PI, the most 
represented developmental stage was the adult. The ensemble of 
TABLE IV. Development of Anguillicola crassus in experimentally infected European eels. 
2 
No. of infected eels 38 
No. (mean ± SD (min.-max)) of recovered parasites per eel 
Third-stage larvae 17.8 ± 11.6 (l-47)t 
Fourth-stage larvae 1.3 ± 1.8 (0-7) 
Male adults 0 
Female adults 
Total adults 
Total parasites 
Proportion of eels with second-stage larvae in 
the swim bladder (%) 
o 
o 
o 
o 
Biomass (mean ± SD (min.-max)) of parasites per eel (mg) 
Male adults 0 
Female adults 0 
Total parasites o 
• Week post-infection. 
WkPI* 
8 12 20 
32 18 20 
4.0 ± 5.4 (0-25) 2.9 ± 9.6 (0-40) 1.1 ± 1.4 (0-5) 
4.1 ± 4.2 (0-18) 1.9 ± 2.4 (0-8) 0.6 ± 1.0 (0-3) 
4.9 ± 4.1 (0-14) 4.8 ± 4.4 (0-16) 2.9 ± 3.6 (0-10) 
5.7 ± 4.1 (0-17) 4.0 ± 3.5 (0-13) 2.8 ± 3.7 (0-13) 
10.6 ± 7.1 (0-25)t 8.8 ± 7.6 (0-25)t. 7.4 ± 7.7 (0-23)t 
18.7 ± 11.9 (3-45) 13.7 ± 12.7 (1-44) 9.1 ± 7.8 (1-24) 
9.4 83.3 65.0 
4.5 ± 7.2 (0.2-35.8) 13.6 ± 9.7 (1.0-34.1) 69.2 ± 62.9 (0.3-190.0) 
34.2 ± 38.0 (3.0-196) 143.8 ± 66.9 (46.0-247.0) 436.4 ± 472.5 (15.0-1605.5) 
40.2 ± 46.3 (1.0-231.8) 157.5 ± 67.8 (50.0-265.0) 427.7 ± 518.9 (0.3-1781.5) 
t Most represented developmental stage of the parasite for each interval of infection. 
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females was, on average, 6 times heavier than the ensemble of 
males. 
Qualitative effect of the parasite on gene expression 
Table V shows which I~Ctl values were significantly different 
between uninfected and infected eels, for each interval of 
infection. Expression levels of IGF-l and ~THR genes were 
not different between uninfected and infected eels. There was no 
difference in gene expression between uninfected and infected 
eels when considering males and females of the parasite 
separately. 
Expression of the NKA~1 gene was significantly lower in the 
intestine of infected eels at 8 wk PI. Uninfected eels had 2.6 times 
the NKA~llevel of infected eels. When considering separately the 
sexes of parasites, the lower expression for infected fishes was the 
same for males (nuninfected = 9, ninfected = 29, U = 52, P = 0.007 
uninfected > infected ratio = 2.5) and for females (nuninfected = 9, 
ninfected = 29, U =5 0, P = 0.006 uninfected > infected ratio = 
2.6). The expression levels ofNKA~1 gene in gills and AQP3 gene 
were not different between uninfected and infected eels. There was 
no difference in gene expression between uninfected and in-
fected eels when considering males and females of the parasite 
separately. 
Expression of the HbO( gene was significantly lower in infected 
eels at 8 wk PI. Uninfected eels had 2.7 times the HbO( level of 
infected eels. When considering parasite sex separately, the lower 
expression for infected fishes was the same for males (nuninfected = 
9, ninfected = 29, U = 50, P = 0.006 uninfected > infected ratio = 
2.7) and for females (nuninfected = 9, ninfected = 29, U = 50, P = 
0.006 uninfected > infected ratio = 2.6). Expression of the HbO( 
gene was significantly higher in infected eels at 12 wk PI. Infected 
eels had 9.4 times the HbO( level of uninfected eels. When 
considering the sexes of parasites separately, the higller expression 
for infected fishes was important both for males (nuninfected = 9, 
ninfected = 16, U = 14, P = 0.001 uninfected > infected ratio = 
9.4) and for females (nuninfected = 9, ninfected = 15, U = 7, P < 
0.001 uninfected > infected ratio = 11.6). 
Quantitative effect of the parasite on gene expression 
No significant relationship was found between the biomass of 
parasites and IGF-l and ~THR gene expressions. These results 
were also found when considering males and females of the 
parasite separately. 
There was no significant relationship between the biomass of 
parasites and the gene expression level of NKA~1 in the 
intestine and in gills. However, we found a negative significant 
relationship at 20 wk PI between NKA~1 gene expression in 
gills and the female biomass (n = 11, R2 = 0.66, P = 0.002) 
(Fig. 1). No significant relationship was found between the 
biomass of parasites and AQP3 gene expression. These results 
were also found when considering male and female parasites 
separately. 
There was a positive significant relationship at 8 wk PI between 
the biomass of parasites and the gene expression level of HbO( (n = 
24, R2 = 0.38, P = 0.001). Moreover, we found positive 
significant relationships at 8 wk PI between HbO( gene expression 
and the biomass of males (n = 24, R2 = 0.25, P = 0.01) and 
females (n = 27, R2 = 0.40, P < 0.001) (Fig. 2). 
DISCUSSION 
Although it has been demonstrated that nematodes negatively 
affect the health of eels, data on the molecular control of the 
physiology of the eels are still needed to characterize the 
regulation of key physiological processes in infected fishes. Our 
work aimed to experimentally test whether there was a qualitative, 
or a quantitative effect, or both, of the different parasite stages on 
the expression of key genes. Our results showed that there is 
probably an absence of effect on fish growth but that the parasite 
may have an effect on the osmoregulation and stress tolerance of 
the European eels. This supports our previous results in wild 
infected eels (Fazio, Mone et aI., 2008). We also highlighted some 
differential effects of male and female nematodes that are 
presumably related to the large sexual dimorphism in body size 
of the parasite. 
IGF-l expression (somatotropic axis) and ~THR expression 
(thyrotropic axis) were not affected by the parasite. This finding 
supports our previous results in wild infected eels, e.g., the 
absence of a relationship between the abundance of the nematode 
and the expression level of the ~THR gene (Fazio, Mone et aI., 
2008). Nutritional and environmental factors are known to 
modulate the somatotropic axis in teleosts, and increased or 
decreased levels of hepatic IGF-l have been used to indicate 
favorable or unfavorable conditions for fish growth. In several 
teleosts species, including eels, food deprivation was found to 
primarily reduce IGF-I mRNA expression in the liver (approx-
imately 2 times reduced in salmon), resulting in lower circulating 
IGF-l peptide levels, which in salmon led to the retarded growth 
(Duan, 1998). In the sea bream, iso-osmotic salinity conditions 
were correlated with the highest level of hepatic IGF-l transcripts 
(Deane and Woo, 2005a). The IGF-l gene transcript level was 
found to be between 2 and 5 times lower in the liver and the 
kidney during vibriosis of sea bream (Deane and Woo, 2005b). 
These contradictory results may be explained by differences in the 
feeding protocols. In our work, eels were fed ad libitum to 
maximize their survival (by preventing cannibalism); moreover, 
no difference was detected in condition factor between uninfected 
and infected eels. Therefore, it is possible that even if A. crassus 
has a negative effect on the growth rate of yellow eels, it could 
have been compensated by favorable maintenance condition of 
the fishes. To test this hypothesis, experimental infections using 
limited resources should be conducted. 
The study of genes involved in osmoregulation revealed 
differential effects of the parasites, depending on their sex. 
Moreover, our results showed a disparity of response in terms of 
gene expression between 2 genes (NKA~1 and AQP3) within the 
same organ (gills) and for the same gene (NKA~I) between 2 
organs (gills and intestine). The lower expression of NKA~I, 
which, again, was in accordance with what we previously found in 
wild infected eels (Fazio, Mone et aI., 2008), could be a 
consequence of the energy used by the parasite. This hypothesis 
is reinforced by the significant negative relationship, found in this 
study, between the NKA~1 expression and the biomass offemales 
(Fig. 1). The sexual dimorphism between male and female A. 
crassus (females were up to lO-fold heavier than males) suggests 
that the amount of energy used by females should be greater. The 
whole results obtained for genes involved in osmoregulation, e.g., 
no difference in AQP3 gene expression between uninfected and 
infected eels and lower expression of NKA~1 in infected eels, 
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FIGURE 1. Relationship between the Na+/K+-ATPase ~I gene expres-
sion of Anguilla anguilla and the biomass (log) of adult female Anguillicola 
crassus at 20 wk post-infection. 
suggest a moderate effect of A. crassus on its host's osmoregu-
latory processes. Considering the respective function of each of 
these genes (active removal of intracellular water for the former, 
and active exchange of extracellular K+ with intracellular Na+ for 
the latter), infected freshwater eels would still be able to avoid 
cellular lysis because of an excess of intracellular water but would 
suffer from ionic imbalance that may disturb cellular processes. 
The effect of parasites on Hb expression differed depending on 
intervals of infection. Although no difference was recorded 
between uninfected and infected eels at 2 and 20 wk PI, Hbcx 
gene expression was lower in infected eels at 8 wk PI (2.7-fold 
difference) and higher in infected eels at 12 wk PI (9.4-fold 
difference). Interestingly, even though gene expression was, on 
average, higher in uninfected fish than in infected fish at 8 wk PI, 
there was a positive correlation between Hbcx gene expression and 
parasite biomass among infected fish at 8 wk PI (Fig. 2). We 
hypothesize that this seemingly contradictory result may be 
evidence of multiple mechanisms influencing Hbcx expression. For 
example, the presence of any nematodes may have a depressive 
effect on Hbcx expression through one mechanism, e.g., something 
related to the immune response, and an enhancing effect through 
an entirely different mechanism, e.g., oxygen stress. Which 
mechanism predominates may depend on the worm biomass. 
This hypothesis would explain the 9.4-fold Hbcx gene overexpres-
sion observed at 12 wk PI when the total biomass of worms is 
larger than at 8 wk PI. Enhancement of the activity of the 
transcriptional machinery in response to aerobic stress caused by 
higher blood consumption by the mature adult parasites is a 
plausible explanation for this result. Despite the increased Hbcx 
gene expression observed in our work, heavily infected eels would 
not be able to compensate for the erythrocyte loss as previously 
reported in artificially infected eels (Boon et aI., 1990). Moreover, 
Hoglund et al. (1992) and Kelly et al. (2000) did not detect any 
difference between uninfected and infected wild eel's haemato-
crits, but these results could be explained by a differential 
mortality of infected wild eels that were not able to compensate 
for erythrocyte loss. The metabolic costs (indirect effects) 
resulting from blood-feeding activity and severe damage to the 
13 
3L---~~--~----~----~----~----~----~--~ 
-2 -1 
Log biomass (in mg) 
FIGURE 2. Relationship between the hemoglobin a-chain gene 
expression of Anguilla anguilla and the biomasses (log) of adult male 
(white dots, dotted line) and female (black dots, full line) Anguillicola 
crassus at 8 wk post-infection. 
swim bladder are the most often invoked causes to explain the 
negative effect of A. crassus on its host physiology (for syntheses, 
see Kirk, 2003; Kennedy, 2007). 
Our results suggest an additional mechanism by which A. 
crassus may reduce the fitness of eels in the wild. The up-
regulation of Hbcx at 12 wk PI, and the positive correlation 
between Hbcx and worm biomass at 8 wk PI (Fig. 2), suggest that 
a heavy nematode infection may reduce eels' aerobic capacity. 
Reduced aerobic capacity could lead to sub-lethal effects, such as 
reduced feeding and increased vulnerability to predators, as well 
as direct mortality in poorly oxygenated waters, as demonstrated 
by Molnar et al. (1991) and Molnar (1993). 
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FIGURE 1. Percentage of distribution of 2 congeneric species (Glypthelmins repandum [n =154] and G. palmipedis [n = 81]) of the small intestine 
(anterior and mid-portion) in situation of low (1 individual) and high (more that 1 individual) intensities, and in single and concurrent infections. 
distributed more uniformly along the anterior and mid-portion of 
the small intestine. 
The data of autumn 2003 with a similar mix of development 
stages in both species (Table I) were used to evaluate specifically 
whether the samples varying over time influence the identification 
of the niche specificity of the parasite. The present study 
demonstrates a very similar pattern of distribution by both 
Glypthelmins species along the small intestine (Fig. 2) with regard 
to the total heterogeneous samples tested (Fig. I). 
Parasite aggregation 
In the anterior portion of the small intestine, both Glypthelmins 
species showed values of J > 0 (G. repandum: J I = 3.19, G. 
palmipedis: J2 = 1.92), indicating that individuals of each species were 
aggregated at the infrapopulation level. This pair of species exhibited 
a value of C12 < 0 (-0.07), which indicates negative interspecific 
aggregation, and A 12 > I (14.14), verifying that intraspecific 
aggregation is greater than interspecific aggregation. Aggregation 
of G. palmipedis could not be calculated in the mid-portion of the 
small intestine because of low infection level (I individual); for this 
sector, G. repandum showed J > 0 (11 = 10.84), which demonstrated 
aggregation of individuals at the infrapopulation level. 
Correlation between morphometric variables 
Table II shows the principal components and percentage of 
variance accounted for by the morphometric variables of 
individuals of G. repandum (n = 19 adult) and G. palmi pedis (n 
= 20 adult). The first component reflected the influence of body 
length and width, ventral sucker length and width, and oral 
sucker length and ovary length, while the second component was 
mostly affected by pharynx length and width. 
A comparison of the 2 parasitic species showed significant 
difference in morphometric variables (MANOVA Wilks' Lambda 
= 0.06; F 8,30 = 56.05; P = 0.0001). Body length of G. repandum 
was significantly greater than that of G. palmipedis (ANOV A 
F I, 37 = 20.02; P = 0.0001). Sucker length was significantly 
greater in G. repandum compared to G. palmi pedis (ANOV A F I, 37 = 
21.39; P = 0.0001), and ventral sucker width of G. repandum was 
also significantly greater (ANOVA F I, 37 = 12.63; P = 0,001), 
Pharynx length of G. repandum was significantly smaller than that of 
G. palmi pedis (ANOVA F 1,37 = 129.76; P = 0.0001), and pharynx 
width of G. repandum was also significantly smaller (ANOV A F \, 37 
= 161.26; P = 0.0001). 
Infection of parasites in relation to season 
The data are incomplete, probably because of uneven monthly 
sample sizes of frogs; nonetheless, some seasonal trends are 
evident (Table I). The highest prevalence values for G. repandum 
were recorded in autumn; prevalence decreased gradually in 
winter, while mean intensity peaked in winter. The distribution of 
gravid parasites (stage II) peaked in summer (100%). Infections 
caused by non-gravid parasites (stage I) were highest in autumn 
(42%). 
The infection parameters of G. palmipedis showed a different 
pattern. Prevalence increased gradually throughout the seasons, 
and mean intensity peaked in spring. The distribution of 
gravid parasites (stage II) peaked in spring (l 00%). Infections 
caused by non-gravid parasites (stage I) were highest in winter 
(50%). 
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T ABLE I. Prevalence (%), mean intensity (MI) ± 1 SD, minimum and 
maximum intensity (range), total number of parasites (no.), and relative 
percentage of worms in stages per season (stage I-II) for Glypthelmins 
repandum and G. palmipedis found in Leptodactylus chaquensis from 
Corrientes, Argentina. 
Glypthelmins repandum Glypthelmins palmipedis 
Stage Stage 
% MI/SD Range No. II % MIISD Range No. I II 
Winter 29 4.5/3.5 1-8 9 22 78 29 2.010.0 2-2 4 50 50 
2002 
Spring 43 3.2/2.8 1-10 29 7 93 19 5.5/2.7 2-9 22 0100 
2002 
Summer 44 3.8/3.4 I-II 60 0 100 42 1.3/0.4 1-2 19 16 84 
2003 
Autumn 48 3.9/3.0 1-10 55 42 58 45 2.2/1.2 1--4 28 25 75 
2003 
Winter II 0 100 56 1.610.8 1-3 8 36 63 
2003 
Relationship between seasonal infections 
There was high seasonal spatial overlap between the propor-
tions of G. repandum and G. palmipedis individuals (Oij = 0.94). 
Randomizations using all data revealed no significant difference 
between measured (observed) overlaps and simulated (expected) 
overlaps using seasonal infections (P [observed < = expected] = 
0.93, and P [observed> = expected] = 0.07). Thus, the overlap 
index observed (0.94) was high between the 2 species, but similar 
to that expected by chance (0.70 ± 0.15). 
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TABLE II. Results of a principal component analysis of morphometric 
variables of Glypthelmins repandum (n = 19) and G. palmipedis (n = 20): 
Coefficients for standardized measurements and percentage of 
explained variation. 
Coefficient PCl PC2 PC3 
Body length 0.753 -0.384 -0.337 
Body width 0.827 0.318 -0.096 
Oral sucker length 0.780 0.520 -0.202 
Ventral sucker length 0.847 -0.337 -0.290 
Ventral sucker width 0.884 -0.236 -0.284 
Pharynx length 0.121 0.955 0.120 
Pharynx width 0.085 0.912 0.283 
Ovary length 0.895 0.087 -0.010 
Percentage of total variance explained 44.015 27.731 10.322 
Cumulative percentage 44.015 71.746 82.068 
DISCUSSION 
Previous studies have shown that linked species commonly have 
widely overlapping niches, and that species with similar require-
ments cannot coexist in the same space; therefore, the coexistence 
of parasitic species has been studied in the context of niche 
restriction by specialization (Rohde, 1979, 1991; Simkova et aI., 
2006) and interactive site segregation (Holmes, 1961, 1973, 1990; 
Patrick, 1991). In this sense it is assumed that interspecific 
interactions will exist between 2 species that belong to the same 
guild, i.e., absorbers, if they co-occur in the same niche within the 
host. For instance, Holmes (1961), in experimental infections, 
showed that interactive site segregation probably occurs in 
concurrent infection of the cestode, Hymenolepis diminuta, and 
the acanthocephalan, Moniliformis dubius, in the rat. When both 
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FIGURE 2. Percentage of distribution of 2 congeneric species (Glypthelmins repandum [n = 55] and G. palmipedis [n =28]) of the small intestine 
(anterior and mid-portion) in situation of low (1 individual) and high (more that 1 individual) intensities, and in single and concurrent infections. 
helminths are together, the presence of 1 species typically causes a 
functional shift in resource use by the second species. 
In the present study, a similar situation appears between both 
congeneric species in a natural infection. Thus, these species were 
found to inhabit mainly the anterior portion of the small intestine. 
Glypthelmins palmi pedis has a very restricted location, with a core 
infection site in the anterior portion of the small intestine. In 
contrast, G. repandum alters its distribution and would generally 
be characterized by having an expanded niche, i.e., wide niche 
breadth, which favors its coexistence with G. palmipedis. This 
suggests that the coexistence of these species could generally be 
associated with the differentiation of realized niches. Additional-
ly, these interactions clearly show no relation with potential 
ontogenetic migration (Fig. 2). 
In contrast, specialization for exploitation of different resources 
is frequently achieved through morphological adaptation, quan-
tified as a 10% minimum difference in linear measurements (see 
Holmes, 1973). Cannon (1972) showed that Bunodera sacculata 
and Crepidostomum cooperi, which co-occur in the anterior 
intestine of perch, have a 10% difference in oral sucker diameter. 
In this context, both Glypthelmins species have a 37% difference in 
pharynx size, suggesting the possibility of different feeding 
mechanisms that would allow these 2 species to feed on the same 
resource. These differences may reflect evolutionary niche shifts 
resulting from intense competition in the past (Holmes, 1973). In 
addition, the greater range of distribution of G. repandum 
indicates greater plasticity of this species' ecological requirements, 
which allows it to occupy less favorable zones in cases of co-
occurrence with G. palmipedis, or at high intensities. 
The analysis of the distribution of populations in single and 
concurrent infections at different intensities suggests the existence 
of other interspecific relationships that affect the distribution of 
Glypthelmins spp. in the intestine. In this sense, when both species 
coexist in an infracommunity, the distribution of G. palmipedis is 
constant, but G. repandum is displaced toward the mid-intestine, 
suggesting that morphological adaptation is not enough to avoid 
a certain degree of competition for food resources or the existence 
of density-dependent factors. Body size difference (20%) could 
also be a probable factor in the increased distribution range, 
mainly when the number of parasites increases at the infra-
population level. 
Parasites generally occur in aggregation (non-random distribu-
tions) within their host (Poulin, 1998). We found that parasites 
were aggregated at intra- and interspecific levels, and that 
intraspecific aggregation was stronger than interspecific aggrega-
tion. According to the Lotka-Volterra model, this relationship 
could favor unstable coexistence, avoiding competitive exclusion 
where both species can then coexist. Additionally, the negative 
and significant relationship between the abundances of both 
species seems to indicate that competition plays little actual role, 
or that the intensity of competition is reduced by intraspecific 
aggregation. Kennedy (1985) demonstrated that congeneric 
species of acanthocephalans can coexist without any clear 
evidence of interspecific competition; nevertheless, the possibility 
of such competition occurring in the future, or having occurred in 
the past, cannot be ruled out. 
The life cycles of both Glypthelmins species have not been 
resolved, but it is likely they both have a 2-host life cycle involving 
a snail as intermediate host and L. chaquensis as the definitive 
host, which can live near the shore of temporary, semipermanent, 
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and permanent ponds and in flooded grass. Frog infection occurs 
via penetration of infective cercariae or by ingestion of infective 
metacercariae encysted in a tadpole or a young frog. Thus, this 
pattern is determined by adaptations of its complex life cycle to 
ensure transmission (Grabda-Kazubska, 1976). 
The distribution and seasonal changes of G. repandum and G. 
palmi pedis appear to be complementary. These congeneric species 
infect the anterior intestine preferentially, but G. repandum in 
concurrent infections showed niche displacement, and both 
species showed peaks of infection in different seasons (temporal 
heterogeneity). Possibly, this differential seasonal production, 
e.g., intensity of infection, facilitates the coexistence of these 
congeneric species populations. Finally, both Glypthelmins species 
did not show a pronounced seasonal pattern of maturation, as 
observed by Hamann (2006) in an intensively study of seasonal 
biology of G. vitellinophilum in Lysapsus limellus from a 
subtropical permanent pond. 
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SEASONAL DYNAMICS OF TWO MORTALITY-RELATED TREMATODES USING AN 
INTRODUCED SNAIL 
Kristin K. Herrmann and Robert E. Sorensen* 
Department of Zoology, University of Otago, P.O. Box 56, Dunedin, New Zealand. e-mail: herkr385@student.otago.ac.nz 
ABSTRACT: Seasonal dynamics of 2 trematode species, Cyathocotyle bushiensis and Sphaeridiotrema globulus, were assessed in relation 
to life history traits of the parasites and their hosts, as well as abundance of host species and abundance of infective stages, Both of 
these trematodes are associated with recurrent mortality of migrating waterbirds on the Upper Mississippi River National Wildlife and 
Fish Refuge. An invasive snail species, Bithynia tentaculata, serves as intermediate host for both trematode species. In total, 2,970 
snails were collected at 2 study sites, Prevalence and mean abundance of the 2 trematode species varied among dates and was attributed 
to several factors, including migration patterns of definitive hosts, snail population dynamics, and seasonal changes in temperature, 
The surge of new infections of both parasites seems to be due to avian hosts foraging at this site during spring migration, The high 
prevalence and abundance of metacercariae among the snail population promote mortality among molluscivorous birds by increasing 
the probability of ingestion of a lethal dose, Additionally, mortality of non-molluscivorous birds can be explained by accidental 
ingestion of a couple of highly infected snails resulting in a lethal dose. 
Recurrent seasonal mortality of migrating waterbirds has been 
occurring in Pool 7 of the Upper Mississippi River National 
Wildlife and Fish Refuge (UMR Refuge) since 2002 (Blanken-
ship, 2004) and is associated with 2 species of trematodes (Sauer et 
aI., 2007), Cyathocotyle bushiensis (Cyathocotylidae) and Sphaer-
idiotrema globulus (Psilostomidae), Mortality of waterbirds, due 
to one, or both, of these trematode species has been commonly 
reported in eastern North America since 1928, i,e., southern 
Quebec (Gibson et aI., 1972; Hoeve and Scott, 1988), southeastern 
Ontario (Speckmann et aI., 1972), Washington, D,C. area (Price, 
1934), New Jersey (Roscoe and Huffman, 1982, 1983; Huffman 
and Fried, 1983), Michigan (Cornwell and Cowan, 1963; Camp-
bell and Jackson, 1977), and eastern Wisconsin (Trainer and 
Fisher, 1963), 
The recurrent mortality of migrating birds at Pool 7 suggests C. 
bushiensis and S. globulus are maintained in resident intermediate 
hosts when migratory definitive hosts are absent. Both trematode 
species use freshwater snails as first and second Intermediate 
hosts, and the only known intermediate host of both trematodes 
in Pool 7 is Bithynia tentaculata (Berntzen and Macy, 1969; 
Gibson et aI., 1972; Huffman and Fried, 1983; Huffman and 
Roscoe, 1986; Mucha and Huffman, 1991). This snail is an 
invasive species originally introduced into the Lake Michigan in 
1870 (Mills et aI., 1993; Harman, 2000). Although it is unknown 
how long this snail has inhabited Pool 7, there are no records of 
this snail in western Wisconsin or the Mississippi River before 
these mortality events began (Sauer et aI., 2007). Susceptible 
waterbirds become infected with C. bushiensis and S. globulus by 
ingesting second intermediate snail hosts containing metacercar-
iae at UMR Refuge during spring and fall migrations. Metacer-
cariae develop into adult worms within the digestive tract, where 
they reproduce sexually. Trematode eggs are released into the 
water with fecal material from infected birds (Khan, 1962; 
Huffman et aI., 1984). First intermediate hosts become infected 
when miracidia penetrate snails (Schell, 1985). Within these first 
intermediate hosts, miracidia of C. bushiensis develop into 
sporocysts, and miracidia of S. globulus develop into sporocysts, 
and then rediae. Asexual reproduction yields numerous cercariae 
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that emerge and encyst as metacercariae in either the same snail or 
another snail (Dailey, 1996). 
Previous studies on trematode-associated mortality of water-
fowl in southern Quebec demonstrated that sentinel dabbling 
ducks can ingest lethal doses of C. bushiensis and S. globulus 
within a 24-hr period (Hoeve and Scott, 1988) and that death of 
lethally infected birds usually occurs in 3 to 10 days (Hoeve and 
Scott, 1988; Huffman and Roscoe, 1989; Mucha and Huffman, 
1991). This confirms that mortality in Pool 7 begins within days 
after the birds arrive during spring and fall migrations. As their 
condition weakens, lethally infected birds are first unable to fly 
and then unable to dive. These birds ultimately take refuge 
along the rocky shore of islands until they succumb to the 
infection. These observations support previous findings that 
infected birds show general muscular weakness and an inability 
to fly or hold a position on a lake in wind (Roscoe and 
Huffman, 1982, 1983; Huffman and Roscoe, 1989; Mucha and 
Huffman, 1991). 
As the initial investigation of this host-parasite system in Pool 
7, it is essential to examine the seasonal dynamics of these 
trematodes, and their infective stages, in the intermediate host. 
The main factors likely to affect temporal distribution of parasites 
include (1) seasonal variation in behavior and abundance of the 
definitive host (Dronen, 1978; Hoeve and Scott, 1988; Scott, 1988; 
Fernandez and Esch, 1991; Esch and Fernandez, 1994; Sapp and 
Esch, 1994; Sandland et aI., 2001); (2) life history and distribution 
of the intermediate snail host (Dronen, 1978; Hoeve and Scott, 
1988; Fernandez and Esch, 1991; Esch and Fernandez, 1994; Sapp 
and Esch, 1994; Gerard, 2001; Sandland et aI., 2001; Kube, Kube 
and Bick, 2002); (3) seasonal changes in temperature (Dronen, 
1978; Sandland et aI., 2001; Kube, Kube and Bick, 2002; Poulin, 
2006); and (4) density of and heterogeneity in host exposure to 
infective stages (Hoeve and Scott, 1988; Scott, 1988; Poulin, 
2007). 
The objective of this research was to examine the naturally 
occurring temporal variation in the population dynamics of C. 
bushiensis and S. globulus in B. tentaculata around Arrowhead 
and Broken Gun Islands in Pool 7. In our effort to better 
understand the factors promoting recurrent mortality of water-
birds at this site, we evaluated how temporal patterns were 
associated with characteristics, such as life histories of the 
parasites, life histories of hosts, abundance of infective stages of 
the parasites, and densities of host populations. 
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FIGURE 2. Sporocystlrediae prevalence (a), metacercariae prevalence 
(b), and mean metacercariae abundance (c) of Cyathocotyle bushiensis and 
Sphaeridiotrema globulus in the intermediate snail host population. Circles 
indicate C. bushiensis, and triangles indicate S. globulus. Solid symbols and 
lines indicate Arrowhead Island, and open symbols and dashed lines 
indicate Broken Gun Island. Error bars indicate the standard error of 
the mean. 
At Broken Gun Island, a difference among dates was found for 
sporocyst prevalence (G = 14.79, df = 5, P < 0.05), metacercariae 
prevalence (G = 50.09, df = 5, P < 0.001), and metacercariae 
abundance (H = 209.18, df = 5, P < 0.001). In 2005, sporocyst 
prevalence began to increase in August, and a decrease was not 
detected until May 2006 (Fig. 2a). In May 2006, 1 sporocyst-
infected snail was found. Metacercariae prevalence decreased in 
June and then increased in August (Fig. 2b). There was a decrease 
again in September followed by an increase in October and May 
2006. Mean abundance of meta cercariae was greater in May 2006 
than in June (Q = 5.12, df = 5, P < 0.001) or September (Q = 
4.77, df = 5, P < 0.001) of the previous year (Fig. 2c). However, 
there were no differences between sequential collection dates. 
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FIGURE 3. Mean water temperature between islands among 6 
collection dates from May 2005 to May 2006 at Pool 7. Error bars 
indicate the standard error of the mean. 
metacercariae abundance (H = 209.18, df = 5, P < 0.001). 
However, no difference was found for metacercariae prevalence 
(G = 0.64, df = 5, P > 0.05). Just 3 snails had rediae in May 2005 
(Fig. 2a). Rediae prevalence decreased in June; peaked in August; 
and subsequently decreased in September, October, and May 
2006. In May 2006, 9 snails with rediae were found. Metacercariae 
prevalence was never below 93.6% (in May 2005) and reached 
100.0% in September (Fig. 2b). The mean abundance of 
metacercariae was lowest in May 2005 and June (Fig. 2c). The 
highest mean abundance was found in August (Q = 5.19, P < 
0.001) and September (Q = 3.05, P < 0.05). Mean abundance 
decreased by October (Q = - 3.26, P < 0.05) to a level similar to 
May 2006 (Q = -1.45, P > 0.05). 
At Broken Gun Island, a difference among dates was found for 
rediae prevalence (G = 22.10, df = 5, P < 0.005) and 
metacercariae abundance (H = 90.21, df = 5, P < 0.001). 
However, no difference was found for metacercariae prevalence 
(G = 03.51, df = 5, P > 0.05). Rediae prevalence increased in 
August, peaked in September, and subsequently decreased in 
October and May 2006 (Fig. 2a). Metacercariae prevalence was 
never below 81.2% (in June) and reached 97.5% in August 
(Fig. 2b). Mean abundance of metacercariae increased in August 
(Q = 3.19, P < 0.05; Fig. 2c), after which mean abundance did 
not increase nor decrease through to May 2006. 
Temperature 
Mean water temperature had the same temporal pattern at both 
islands, and average water temperature was greater at Arrowhead 
Island than at Broken Gun for each collection (Fig. 3). 
Furthermore, overall mean water temperature was greater at 
Arrowhead Island (U = 741519.5, df = 1, P < 0.001). 
DISCUSSION 
Trematode infections in B. tentaculata varied temporally as 
expected for allogenic parasites using migratory birds as definitive 
826 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.4, AUGUST 2009 
hosts (Esch and Fernandez, 1994; Kube, Kube, and Dieschke, 
2002). Trematode eggs are being deposited among the snail 
population only twice a year by the migrating definitive hosts. 
Because egg hatching success would be expected to be low in the 
fall due to decreasing water temperatures and a low proportion of 
trematode eggs survive over winter (Menard and Scott, 1987a; 
McKindsey and McLaughlin, 1993), only the eggs deposited 
during the spring migration contribute notably to transmission. 
Additionally, potential bird hosts arrive in large numbers 
immediately after ice cover melts and spring migration is brief, 
which results in trematode eggs being deposited among the snail 
population in a pulse. In spring 2005, dead and diseased birds 
were found 1 April-5 May, with a peak in mortality during 8-15 
April (c. Gehri, U.S. Fish and Wildlife Service, pers. comm.). 
Based on water temperature in the spring, egg incubation period 
would be greater than 39 days for C. bushiensis (Menard and 
Scott, 1987a) and greater than 18 days for S. globulus (McKindsey 
and McLaughlin, 1993). These factors ultimately result in the 
surge of new sporocyst/rediae infections observed later that year 
(Fig. 2a). Sporocyst prevalence of C. bushiensis peaked in 
September at both islands due to the long incubation period. 
Rediae prevalence of S. globulus peaked in August at Arrowhead 
due to a shorter incubation period; however, we acknowledge that 
these infections could have exhibited a peak and/or increase in 
July, but no collection was made that month. At Broken Gun 
Island, S. globulus did not peak until September, most likely due 
to lower water temperatures found at this island (Fig. 3). 
Seasonal patterns of transmission are also affected by 
seasonal patterns in the dynamics of the snail host population 
(Gerard, 2001; Kube, Kube, and Bick, 2002). The low level of 
infections found in June coincided with recruitment patterns in 
the snail population. as an influx of young snails, with 
nonexistent or lower infection levels, occurred at both islands. 
In August, levels of infection of both species increased even 
though there was a decrease in the size of the snail population at 
our study sites, possibly due to either an increase in snail 
mortality after reproduction or snail movement away from the 
islands. This indicates that parasite recruitment was high 
enough to override loss due to host death or host movement. 
However, mean metacercariae abundance of C. bushiensis did 
not increase at Broken Gun, possibly due to a longer incubation 
period, colder water temperature, and thus lowered cercariae 
transmission. 
Mean abundance of metacercariae of C. bushiensis at Arrow-
head Island peaked in October, 1 mo after the peak in sporocyst 
prevalence. Abundance of S. globulus metacercariae showed the 
same pattern at Arrowhead Island, peaking in September after the 
rediae prevalence peaked in August. Mean abundance did not 
show a significant peak at Broken Gun Island for either species, 
contrary to the observed pattern at Arrowhead. This may be 
attributed to a new cohort of snails detected at Broken Gun 
Island in September, but not at Arrowhead. The influx of young 
and, therefore, more likely uninfected, snails at Broken Gun 
cancels out the effect that transmission of cercariae should have 
on mean abundance of metacercariae. Mean metacercariae 
abundance of both trematodes stayed the same from October to 
May 2006 at both islands, even though the first snail cohort of 
2006 occurred in May. Thus, cercariae transmission seems to have 
continued after the October collection, counteracting the recruit-
ment of young, uninfected snails. 
First intermediate snail hosts of S. globulus are able to 
overwinter in Pool 7, supporting previous findings by Menard 
and Scott (1987a). Surprisingly, 1 snail infected with C. bushiensis 
sporocyst was found in May 2006 at Broken Gun Island, 
indicating the possibility of this parasite species being able to 
overwinter in first intermediate host snails. This finding has not 
previously been reported in other studies of this trematode. 
Survival of first intermediate hosts over winter for either of these 
parasites may allow transmission of cercariae to occur earlier in 
the season during the following year and consequently results in a 
greater mean abundance of metacercariae among the snails living 
in the immediate vicinity of surviving first intermediate hosts. 
This is likely to be a bigger concern for S. globulus infections given 
their higher frequency among snails collected in May. 
Because migratory birds that are feeding at Pool 7 in the spring 
serve as the source of new infections for first intermediate hosts, it 
is essential that snails harboring metacercariae overwinter to 
infect these migrants. Little change in metacercariae prevalence 
and no difference in mean abundance were found for both species 
at both islands between October and May 2006 (Fig. 2b, c). Thus, 
second intermediate hosts do not experience differential mortality 
over winter compared with uninfected snails. 
Notably, this study found high prevalence in first intermediate 
hosts compared with other studies on these species. Rediae 
prevalence of S. globulus was as high as 15.8% in August and 
12.3% in September at Arrowhead. Even though sporocyst 
prevalence of C. bushiensis was not as high as for rediae 
prevalence of S. globulus, prevalence of 2.2% at Arrowhead and 
2.1 % at Broken Gun in September was still greater than reported 
in other studies in southern Quebec that estimated prevalence of 
0.05% (Menard and Scott, 1987b) and 0.5% (Gibson et aI., 1972). 
Large populations and high densities of definitive bird hosts 
promote transmission of infections (Scott, 1988) and high 
prevalence of first intermediate hosts, which corresponds to what 
we observed at Pool 7. As an important stopover on the 
Mississippi Flyway with aerial surveys reporting community sizes 
of waterbirds typically ranging between 30,000-100,000 birds 
during migrations, this abundance of birds favors transmission of 
trematodes by increasing the likelihood that an infected second 
intermediate host is ingested by a susceptible bird. Furthermore, 
the rapid rate of development of these trematodes within their 
definitive avian hosts (3-5 days to maturity; Khan, 1962) allows 
for the release of a large number of eggs before these birds 
succumb to the infection or leave this site, which facilitates the 
infection of a new cohort of first intermediate hosts and leads to 
the high prevalence levels that were detected. 
The overall high prevalence and abundance of metacercariae 
have consequences for the definitive bird hosts by promoting 
mortality among molluscivorous birds by increasing the likeli-
hood they will ingest a lethal dose. Hoeve and Scott (1988) 
showed that sentinel dabbling ducks can ingest lethal levels of 
infection of C. bushiensis and S. globulus within a span of just 
24 hr. Additionally, our data support those of Sauer et al. (2007) 
who reported that only a couple of highly infected snails need to 
be ingested to produce a lethal infection in the bird host. Thus, 
non-molluscivorous birds may ingest a lethal dose by accidentally 
consuming a few infected snails while foraging on vegetation. 
Numerous species of waterbirds use the area where the 
mortality is occurring, but according to carcass collections by 
U.S. Fish and Wildlife personnel, the populations of American 
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coot (Fulica americana) and lesser scaup (Aythya a/finis) are 
experiencing the majority of die-offs (C. Gehri, U.S Fish and 
Wildlife Service, pers. comm.). The increased susceptibility that 
these bird species exhibit for these parasites may be affected by 
their rate of exposure to the infective stage, which is influenced by 
a number of factors, including behavior and life history traits of 
potential hosts (Hoeve and Scott, 1988), density of host 
populations, and density of infective stages. Hoeve and Scott 
(1988) found different levels of infection among the species of 
birds they studied in Ontario and suggested that these differences 
are a result of dissimilar rates of exposure due to different feeding 
habits of these species. At Pool 7, several of these factors may 
favor C. bushiensis and S. globulus infections in coot and scaup. 
Both of these species of birds prefer deep, open water habitats 
with emergent vegetation and both feed largely on molluscs, 
whereas other species of diving waterbirds prefer other inverte-
brates and vegetation (Thompson, 1973). The dense populations 
of coot and scaup that are drawn to this site during spring and fall 
migrations combined with their propensity to feed on snails that 
may be harboring infections of C. bushiensis and S. globulus 
compounds the probability that these parasites will be transmitted 
between subsequent hosts. 
Finally, most snails sampled in this study were collected from 
the underside of fairly large rocks along the shore and thus not 
accessible to potential bird hosts in the area. Although no 
difference in infection levels was found between shore and open-
water sites, it is imperative to understand the distribution of 
infected snails throughout the entire pool. This becomes especially 
important as B. tentaculata spreads in distribution, which is likely 
now that this invasive snail is in a large river system. In fact, 
infected B. tentaculata snails have already been found in Pools 4, 
5, 8, and 9 (Sauer et aI., 2007). Furthermore, as the abundance 
and distribution of this snail increases, infected B. tentaculata are 
increasingly likely to mix with populations of native snails. If 
native species are susceptible to infection and if they occur in a 
high enough abundance, they could be contributing to transmis-
sion of these parasites. Therefore, future studies into this system 
should include all snail species and be conducted on a larger scale, 
including other areas within Pool 7 and neighboring water bodies. 
It also seems essential to better understand the role definitive 
hosts have in transmitting these parasites from place to place 
should B. tentaculata continue to spread to new sites. 
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PREDICTED GEOGRAPHIC RANGES FOR NORTH AMERICAN SYLVATIC 
TRICHINELLA SPECIES 
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Department of Preventive Medicine and Biometrics, Uniformed Services, University of the Health Sciences, Bethesda, Maryland 20814. 
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ABSTRACT: Because of a lack of comprehensive surveys, the geographic distributions of the North American species of encapsulating 
Trichinella (T. nativa and its variant T6, T. murrelli, and T. spiralis) are poorly characterized in detail. These species are potentially 
zoonotic; therefore, biogeographic information is critical to monitoring their status and any distribution changes due to climatic and 
man-made environmental impacts. The maximum entropy (Maxent) program was used to model predicted ranges for these sylvatic 
Trichinella spp., using a limited number of available location records with confirmed species identifications collected over 55 yr 
throughout North America. The resulting prediction models were shown to be robust, and the species maps created are presented. The 
predicted range of T. nativa is primarily north of the 48°_52° latitudes, overlapping the Tundra, sub-Arctic, and Warm Continental 
eco-regions. Its sympatric genotypic variant, T6, has a predicted range covering primarily the sub-Arctic and mountainous Temperate 
Steppe eco-regions, the latter extending below 48°N latitude. In the east, the T6 range includes the Warm Continental and the 
mountainous Hot Continental eco-regions; the T6 range is also predicted to extend to the Sierra Madre Mountains of Mexico. The 
most probable range of T. murrelli is centered in the Midwest within the Hot Continental and Prairie eco-regions, with an extension 
southward to the Subtropical and TropicallSubtropical Steppe and Desert eco-regions. In the west, it exists in a restricted range 
characterized as mountainous Mediterranean. The most probable distribution of sylvatic T. spiralis is along the humid east North 
American coast (Hot Continental south to Subtropical), and along the coast of northwest North America (Marine) to Alaska (sub-
Arctic and Tundra). Its most southerly range extends into central Mexico (TropicallSubtropical Desert). The difference in relative 
freeze resistance between T. nativalT6 and T. murrelli undoubtedly accounts for much of this geographic separation. However, the 
factors responsible for the absence of a more southerly distribution of T. nativa are not obvious, given the overlap in host range with T. 
murrelli. The maximum July temperature appears to have a significant effect on this distribution pattern. The results of the model 
building highlight subjects for future research on the biotic and abiotic factors important in determining Trichinella spp. distributions 
and directions for model validation research. 
The recent era in the long history of trichinellosis and 
Trichinella spp, might be fairly characterized as the revolution 
of the parasite's systematics and ecology. Over the first 150 yr of 
its scientific recognition, T. spiralis was considered to be the sole 
member of the genus, with a host range of more than 100 species 
of mammals (Campbell, 1983), As reviewed by Pozio and Murrell 
(2006), the widely misunderstood taxonomy, host range, and 
epidemiology of T. spiralis persisted well into the 20th century, 
and it was not until the introduction of biochemical and 
molecular methods (particularly polymerase chain reaction 
[PCR]) to parasite taxonomy that the concept of a polytypic 
genus became accepted (Zarlenga et aI., 1999). The modern 
paradigm for Trichinella spp. taxonomy was introduced in 1992 
with 8 genotypes, including 5 named species (Pozio et aI., 1992). 
Currently, the genus is composed of 2 clades, one formed by 
species that encapsulate in host muscle (5 species and 3 genotypes) 
and a non-encapsulating clade (3 species) (Pozio and Zarlenga, 
2005; Pozio and Murrell, 2006), 
Three species are endemic to North America and are confined 
to sylvatic mammals, i,e" T. nativa (and its closely related 
genotype T6), T. murrelli, and T. pseudospiralis, The cosmopol-
itan T. spiralis is also present in both domestic animals (pigs, 
dogs, cats, etc.) and sylvatic mammals. Recent analysis of the 
biogeography and phylogeny of Trichinella spp. has provided 
strong evidence that carnivores such as ursids, canids, and felids 
are principally responsible for the dispersal of Holarctic species, 
which appear to have expanded across western Europe and then 
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across Beringia into North America (Zarlenga et aI., 2006), 
Because human infection with the sylvatic Trichinella spp. from 
consumption of wild animals is an appreciable risk (Pozio and 
Murrell, 2006), the geographic and host ranges for these zoonotic 
parasites are of interest. Since the introduction of multiplex PCR 
methods (Zarlenga et aI., 1999), the species identification of 
isolates of Trichinella has become more convenient and frequent, 
resulting in a growing database on the geographic locations and 
host species of the North American species, 
The recent development of ecological niche modeling programs 
to model species' distributions (Elith et aI., 2006) and the recent 
availability of improved global climate, land cover, and elevation 
datasets have increased the use of models in a variety of 
applications. Ecological niche models have been developed in 
conservation biology to guide population surveys (Bourg et aI., 
2005; Guisan et aI., 2006), to predict the effects of global change 
on species (Pearson and Dawson, 2003; Pearson et aI., 2004), and 
to find suitable habitats for the reintroduction of species (Pearce 
and Lindenmayer, 1998). Another application of species' distri-
bution modeling is assessing disease risk. Peterson et aI. (2006) 
modeled the potential distribution of Marburg virus in Africa. 
Peterson and Shaw (2003) predicted the geographic distribution 
of Lutzomyia spp. sand flies, the vector of leishmaniasis, in South 
America. Moffett et aI. (2007) modeled the distribution of 
mosquitoes in Africa as part of an effort to predict malaria risk. 
Burke et aI. (2008) used geographic information system (GIS) 
mapping to identify farm locations with risk for introduction of 
T. spiralis to domestic swine. Pozio et aI. (2008) employed GIS 
tools to investigate the habitats and host ranges of T. brito vi and 
T. spiralis in Europe and to identify potential host species suitable 
for surveillance. 
In the present paper, we discuss our use of the Maxent 
approach to modeling (Phillips et aI., 2004, 2006) to develop a 
predictive Trichinella spp. range map based on less-than-
abundant confirmed species records from sylvatic hosts in North 
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America (Canada, United States, and Mexico) accumulated over 
the past 55 yr. The goal of this project was to create predictive 
maps based on the environmental conditions of limited Trichinella 
spp. occurrence data, which may assist future biogeographical 
investigations on Trichinella spp. endemic to North America by 
highlighting geographic regions with high probability for occur-
rence. The results obtained also call attention to certain enigmas 
related to the restriction of geographic ranges and the possible 
importance of the "free-living" stage of Trichinella spp. 
MATERIALS AND METHODS 
Wild animal Trichinella spp. infection database 
Records of Trichinella spp. isolated from sylvatic hosts in North America 
were compiled from published literature and from accession records on 
isolates deposited with the International Trichinella Reference Center 
(ITRC) in Rome. Two records of T. pseudospiralis were dropped from our 
database because these records are not sufficient to predict a geographic 
distribution of the species. In all but 16 of the 118 records included in the 
analysis, the Trichinella sp. was determined using molecular methods, either 
by the authors of the published records or at the ITRC, following methods 
approved by the International Trichinellosis Commission (FAO/WHO/ 
OlE, 2007). The 16 non-molecularly identified Trichinella infections were 
assigned to species in the database based on the following criteria: 8 were 
designated T. spiralis based on host species. Seven records from rats (Rattus 
spp.) were so identified because of the very low susceptibility of this host 
species to other Trichinella spp. (Pozio and Murrell, 2006). One record was 
from a feral cat trapped near a farm with T. spiralis-infected pigs; the isolate 
was found to be highly infective for pigs in an unpublished experiment by 
one of the authors (K.D.M.), a biological character not shared by T. 
murrelli, T. nativa, or T6 (Kapel, 2000). 
Eight records were from carnivores from Arctic areas (latitude greater 
than 52°) and designated as T. nativa, because no other species of 
Trichinella have been reported from these hosts in this region. Three of 
these records, from the Kootenay Peninsula, British Columbia (2 bobcats 
and 1 black bear), were also designated T. nativa, because only this 
genotype has been reported in this region. Location records for T. spiralis 
were utilized in the model building with and without rat (Rattus spp.) host 
records, because of the uncertainty of the role of rats as true sylvatic 
reservoir hosts (Pozio and Murrell, 2006). 
When available, latitude and longitude data on host animal collection 
points were used. If not, the locations were extrapolated based on the 
coordinate points of the closest town or city to the collection point, using 
coordinates published in maps or on national databases. Records that 
contained a non-specific location (e.g., southeast Alaska) were not used. 
The final Trichinella spp. database was imported into ArcGIS 9, and 
location points were visually checked for location accuracy. The complete 
database with references is available from K.D.M. (kdmurrell@comcast. 
net) or P.M.M. (pmasuoka@usuhs.mil). 
Table I summarizes the number of records and the host species used for 
model building and analysis in this study. One hundred and eighteen 
Trichinella records in 19 different host species were used in this study. An 
additional 39 records are included in parentheses; these records were 
added to illustrate the host range, but are not included in the geographic 
distribution models. 
Environmental layers used in models 
Environmental layers used to model the geographic ranges of sylva tic 
Trichinella spp. included elevation data, climate data, and land cover. The 
elevation data were obtained from the Global Land One-kilometer Base 
Elevation (GLOBE) digital elevation model (DEM) from the National 
Geophysical Data Center (NGDC) (Hastings and Dunbar, 1998) (http:// 
www.ngdc.noaa.gov/mgg/topo/globe.html). 
Climate data used for modeling consisted of January and luly total 
precipitation, January mean minimum temperature, and July mean 
maximum temperature from the WorJdClim Version 1.4 dataset (http:// 
www.worldclim.org). WorldClim was created by interpolating average 
monthly climate data from weather stations. The resulting data layers are 
in raster format with 12-km grid cells. Weather data used to create 
WorldClim were collected from 1950 to 2000, which matches well with the 
Trichinella spp. data collected from 1950 to 2006. For a complete 
description of how the WorldClim dataset is compiled, see Hijmans et al. 
(2005). 
Land cover was downloaded from the U.S. Geological Survey's Global 
Land Cover Characteristics Database (http://edcsnsI7.cLusgs.gov/glccl). 
This data set was produced from I-km Advanced Very High Resolution 
Radiometer (AVHRR) data over a l2-mo period (April 1992-March 
1993), using the seasonal changes in vegetation to aid the land cover 
identification process. The output database contains a number of 
classification schemes. The International Geosphere-Biosphere Pro-
gramme (IGBP) land cover classification was selected for this study. This 
land cover classification uses 17 classes, which are listed in the first column 
of Table II. To simplify the statistical analysis, however, the original 17 
classes were combined into the more generalized classes, as listed in the 
second column of Table II. 
To determine which environmental layers should be included in the 
Trichinella spp. distribution analysis, a preliminary statistical analysis was 
made. Measurements of the temperature, precipitation, land cover, and 
elevation present within 20 km of Trichinella spp. locations were 
calculated from the environmental layers using the ArcGIS program. 
Associations between the location of Trichinella spp. and environmental 
variables were calculated using analysis of variance in SPSS 12.0.1 for 
Windows. Correlations that were statistically significant were then 
analyzed using Tukey's multiple comparison procedure. Statistical 
analysis revealed significant correlations between Trichinella spp. and: 
minimum January temperature (P = 0.000), maximum July temperature 
(P = 0.000), elevation (P = 0.014), and land cover (P = 0.000). No 
significant association was found between Trichinella spp. and precipita-
tion and, as a result, precipitation was dropped from further analysis. 
Species' distribution modeling 
The maximum entropy method, Maxent 3.2.1 program for model 
building (Phillips et aI., 2006), was used to model the Trichinella spp. 
geographic distribution for North America. Maxent takes a set of raster 
environmental layers (e.g., temperature and elevation) and a text file of 
species' occurrence locations and produces output maps that predict the 
potential range of each species. Maxent, which uses presence-only data 
rather than presence/absence data, has been shown to be a high-
performing model-building program (Elith et aI., 2006) and excels in 
using small numbers of occurrence points (Hernandez et aI., 2006). 
Maxent is publicly available for download from http://www.cs.princeton. 
edU!~schapire/maxent!. 
Twenty-five percent of the occurrence points were used for testing the 
accuracy of the model (testing points), and the remaining 75% were used 
for building the model (training points); training and testing points are 
randomly selected by the Maxent program. As measures of the accuracy of 
the models, Maxent calculates the receiver operating characteristic (ROC) 
and the area under the curve (AUC) of both the training and testing 
points. ROC and AUC methods have been discussed extensively in the 
literature and are widely employed in modeling (Swets, 1988; Fielding and 
Bell, 1997), including modeling of species' distributions (Phillips et aI., 
2006). Maxent estimates a relative contribution of each environmental 
variable to the overall model. However, the relative contributions of each 
variable can be affected by how correlated the environmental variables are 
to each other (see Results). As an alternative means to estimate the 
potential contribution of environmental variables to the model, the 
Maxent program was run multiple times, using only I environmental layer 
at a time (Moffett et aI., 2007). 
To examine the input environmental values to Maxent for each species, 
we extracted the pixel values underneath each species occurrence location. 
For the elevation and temperature layers, these values were averaged. For 
land cover, the most frequent category was determined for each species. 
Output from the model was compared to the eco-region types and 
characterizations described by Bailey (1996). 
RESULTS 
Geographic range prediction maps 
Output images of predicted geographic distributions produced 
by the Maxent models are shown in Figure I. The highest levels of 
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TABLE I. Confirmed Trichinella host species records included in the database and used in Maxent model. Those in parentheses were not included in the 
model but are discussed separately in the Results section. 
Host species T. murrelli 
Arctic fox (Alopex lagopus) 
Black bear (Ursus americanus) 6 
Bobcat (Lynx rufus) 1 
Coyote (Canis latrans) 21 
Feral cat (Felis catus) 
Fisher (Martes pennant!) 
Grey fox (Urocyon cinereoargenteus) 
Grizzly bear (Ursus arctos) 
Lynx (Lynx canadensis) 
American Marten (Martes americana) 
Mountain lion (Felis concolor) 
Opossum (Didelphis virginiana) 
Polar bear (Ursus maritima) 
Raccoon (Procyon lotor) 12 
Rat (Rattus sp.) 
Red fox (Vulpes vulpes) 5 
Striped skunk (Mephitis mephitis) 
Walrus (Odobenus osmarus) 
Wild boar/feral pig (Sus scrofa) 
Wolf (Canis lupus) 
Wolverine (Gulo gulo) 
Total 45 
• Records in parentheses not included in totals. 
probability (more than 50%) for the range of T. nativa encompass 
the Tundra, sub-Arctic,. and the Temperate Steppe (Rocky 
Mountains) eco-regions (Bailey, 1996). Its variant genotype T6 
shares, at the same levels of probability, the sub.;Arctic and 
mountainous Temperate Steppe eco-regions, its range in the latter 
extending below the 48°N latitude (mountainous is defined as 
mountains with altitudinal zonation). In the east, the T6 range 
extends from Quebec (Warm Continental) and down the 
mountainous Hot Continental eco-region (mountainous). It is 
has a predicted occurrence in the Sierra Madre Mountains of 
Mexico. The most probable range of T. murrelli is the Midwest 
within the Hot Continental (including mountainous) and Prairie 
eco-regions, with an extension southward to the Subtropical and 
TropicaUSubtropical Steppe and Desert eco-regions. In the West, 
it is predicted in a restricted range characterized as moun-
tainous Mediterranean (California). The most probable distribu-
tion of T. spiralis is in the eastern United States (Hot Continental 
south to Subtropical), and along the coast of northwest North 
America (Marine) to Alaska (sub-Arctic and Tundra). A small 
region of the Rocky Mountains is included in the predicted ranges 
for T. spirals when records from rats are included. Its most 
southerly range extends into central Mexico (TropicaUSubtropical 
Desert). 
The partitioning of the freeze-tolerant T. nativa and T6 from 
the freeze-sensitive species, T. spiralis and T. murrelli, is evident. 
The latter species are nearly completely restricted to the region 
below a latitude of 52°. In the alternate model, using T. spiralis 
records minus rat host records, the probability of T. spiralis 
occurrence drops in the Rocky Mountain region, but increases in 
the eastern United States. 
T. nativa T. nativa T. spiralis (T6) Total* 
2 2 
3 9 5 23 
2 4 
22 
2 2 
I 
1 
3 4 
I 
I 
3 3 
(1) 
3 3 
(1) 12 
7 7 
2 8 
(1) 
5 5 
11 6 17 
(3) I (33) I 
26 24 23 118 
Accuracy of the model 
The reliability of the model was assessed by the AUC 
procedure. Table III lists the AUC calculated by Maxent for 
each of the output models. All of the generated models are above 
random (>0.5) and in the good (0.7-0.9) to very high (>0.9) 
accuracy range (Swets, 1988; Manel et ai., 2001). Both T. murrelli 
and the T. spiralis models are above 0.9, while those for T. nativa 
and T. nativaIT6 are nearly as high, i.e., 0.854 and 0.885, 
respectively. The lower accuracy of the T. spiralis model when rat 
host records are omitted reflects the effect of a lower record 
number. However, because the training AUC is high (0.902), the 
model should be considered to have a reliability comparable to 
that of the model including rat records. 
Effects of environmental variables on the model 
The AUC values for models run using single environmental 
layers are shown in Table IV. The AUC values indicate that the 
models created with each of the environmental variables were 
good to very good for all species, with the exception of elevation 
for T. spiralis, T. nativa, and T. nativaIT6. For illustration, the 
output probability maps for T. nativa using individual environ-
mental layers separately are shown in Figure 2. Elevation alone 
produces a predicted distribution that has a low probability 
(AUC 0.600). However, while a variable with an AUC <0.7 is 
considered to have low importance, if the variable is included in a 
multi-variable model, its contribution may be significant. For 
example, the AUC for elevation in the case of the T. spiralis 
model is only 0.632, but in the model with multiple environmental 
variables, elevation has a relative contribution to the species-
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DISCUSSION 
Evaluation of Maxent models 
II of the Trichinella pp. model had g od to high accuracy 
a e m nt by th m a ur m nt. In c mparing th 
T. spiralis no rat records 
T. nativa (T6) 
T. murrelli 
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TABLE III. Evaluation of Trichinella species Maxent models. 
Number records used Number records 
Species Total number records for training used for testing Ave' training data AVe' test data 
T. murrelli 45 34 
T. spiralis 23 18 
T. spiralis (without rat) 16 12 
T. nat iva 26 20 
T. nativalT6 24 18 
11 
5 
4 
6 
6 
0.977 
0.932 
0.906 
0.828 
0.890 
0.941 
0.905 
0.737 
0.854 
0.885 
* AUe of 0.5 is a random prediction and a value greater than 0.9 indicates high reliability; an AVe of less than 0.7 indicates poor reliability. Training data (based on 75% of 
records) are the points used to build the model and the test data (25% of records) are used only for testing the model's accuracy. 
accuracy of the models (Table III), the T. murrelli model had the 
highest accuracy (AUe 0.977) and also had the most records for 
the model development. The increased accuracy of the prediction 
may be due to the larger number of records. 
The T. spiralis model that included rat records was more 
accurate (AUe 0.932) than that in which rat host records were 
omitted (AUe 0.906) (Table III), possibly a result of reducing the 
total number of records from 23 to 16. The environmental records 
for these 2 datasets have the same or very close values for mean 
January and July temperatures, mean elevation, and land cover 
(Table V). This yields probability maps (Fig. 1) that are similar, 
but which have local differences in the probability of occurrence 
in the Rocky Mountain region and the eastern half of the United 
States. One record for T. spiralis north of latitude 51 0 is due to an 
infected rat on the Aleutian Islands, which are within the 
temperate, rainy Marine eco-region (Bailey, 1996). This record 
may be spurious because it cannot be ruled out that these 
infections resulted from consumption of infected pork scraps in 
garbage produced by focal settlements or towns, rather than the 
reflection of a true sylva tic cycle. The role of rats as a reservoir 
host is problematic, and little conclusive evidenc~ has been 
produced to support such a role (Madsen, 1961; Pozio and 
Murrell, 2006). However, their importance in a domestic cycle 
that involves infection of swine is well established (Madsen, 1961; 
Schad et aI., 1987; Leiby et aI., 1990). 
In the models using all 4 environmental layers, several 
environmental variables had low contributions to the models, 
possibly a result of being correlated with other variables. 
However, analysis of the AUe of the models constructed using 
single variables reveals that some of these variables are associated 
with the distribution of the species. Table IV shows that 
temperature and land cover are most closely associated with the 
distribution of Trichinella spp. based on AUe values, while 
elevation by itself is essentially unimportant for T. I>piralis, T. 
nativa, and T6. Land cover had higher AUe values than 
temperature, which seems surprising given the emphasis on freeze 
resistance in the literature. However, land cover is shaped by a 
combination of factors, and the mmlmum and maximum 
temperature and the elevation all influence the land uselland 
cover in an area. Furthermore, the ranges of the Trichinella spp. 
hosts are all affected by land cover, which may add additional 
significance to land cover in the model. 
The T. nativa distribution maps based on individual environ-
mental variables (Fig. 2) illustrate how the individual variables 
contribute to the prediction model for a species. Maps of this sort 
might be helpful in biogeographic studies and in future 
investigations intending to explore the effect of individual 
environmental variables on the model. 
It is important to emphasize that the models built for this study 
are predictions of the suitability of habitat for the Trichinella spp. 
and their mammalian hosts as a first approximation of the 
potential ranges and may not represent, when future research data 
are accumulated, the actual ranges of the species. The actual 
range of a species can be affected by conditions other than 
environmental suitability, including geographic barriers and 
interactions with other species. Further, the assumption cannot 
be made that a species fills all available potential habitat, has a 
range that is constant over time, or remains genetically stable 
(Jeschke and Strayer, 2008). Until a systematic survey that 
includes all of North America is carried out, modeling remains the 
best predictor for identifying potential areas of Trichinella spp. 
infection in sylvatic host species and geographic areas. 
Geographic distribution of Trichinella spp. 
The predicted range for T. nativa (Fig. I) can be characterized 
as latitudes above 46° and/or high elevations (T6), with mean 
minimum January temperatures of -18 to -27 e (Table V). 
These predictions conform well to previously published range 
descriptions based on records (Pozio, 2001; Pozio and Murrell, 
2006). The recent proposals on the post-Miocene expansion and 
speciation in species of Trichinella (Zarlenga et aI., 2006) suggest 
that the invasion of the Nearctic during the Pilocene and 
Pleistocene periods led to species diversification, resulting in the 
colonization of the high arctic habitats of Canada by T. nativa 
TABLE IV. AVe' comparisons of models built on single environmental variables. 
Species Land cover Minimum January temperature Maximum July temperature Elevation 
T. murrelli 0.940 0.925 0.929 0.805 
T. spira/is 0.875 0.849 0.810 0.632 
T. nativa 0.886 0.742 0.760 0.600 
T. nativalT6 0.870 0.808 0.833 0.682 
• Ave of 0.5 is a random prediction and a value greater than 0.9 indicates high reliability; an AUe of less than 0.7 indicates poor reliability. 
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spiralis is probably a critical factor in restricting their ranges to 
southern latitudes with mean minimum January temperatures not 
lower than -7 to -8 C. The predicted ranges for T. nativa and 
T6, however, do raise the question of why they appear to be rare 
in those non-mountainous southern latitudes (below 48° latitude), 
which are occupied only by T. murrelli and T. spiralis and where 
adaptation to freezing may not be important. This question is 
underscored by the overlap of host ranges for all of these species. 
As shown in Table I, black bears, grizzly bears, bobcats, and red 
foxes are hosts for all of the 4 encapsulated Trichinella genotypes 
in North America (T. spiralis has been isolated from all but grizzly 
bears). The major land cover types associated with these species, 
especially the forest category, are also very similar. Among the 
possible reasons for this apparent enigma are sampling problems, 
ecological/environmental factors affecting the muscle larvae, and 
host-related factors. 
Sampling limitations 
The data used for these models are, for the most part, 
convenience samples and are not from comprehensive national 
or regional surveys. Most result from area-limited or point-
prevalence surveys, leaving large areas of North America 
inadequately surveyed. Many known host species are also 
under-represented (Table I). Prevalence surveys targeted toward 
filling these geographic and host species gaps may reveal, for 
example, that the geographic distribution of T. nativa and T6 
extends further south in North America than the high probability 
ranges predicted by the Maxent model. Maxent-built models 
using a small number of location records, however, have been 
shown to be useful and reliable (Hernandez et aI., 2006; Papes and 
Gaubert, 2007; Pearson et aI., 2007), especially in identifying 
survey targets for model validation efforts. 
Ecological factors 
It is generally agreed that carrion is a major vehicle in the 
transfer of Trichinella spp. between hosts and that the muscle 
larvae in carrion can be considered a "free-living stage," adapted 
for survival in decomposing carcasses (Madsen, 1961; Pozio, 
2000; Zarlenga et aI., 2006). The free-living larvae, however, are 
vulnerable to environmental factors such as temperature and 
desiccation (Pozio and Murrell, 2006). The host species records 
used in this Maxent model building are nearly all documented 
carrion-eaters (Table I), particularly so when under severe stress 
like that experienced in severe winters (Ingles, 1954; Kurta, 1995; 
Wilson and Ruff, 1999). Because freeze resistance may be less 
important in the more southerly latitudes, tolerance for high 
temperatures, e.g., maximum July temperatures (Table V), may 
playa significant role, similar to that of freeze resistance for T. 
nativa and T6. There was a statistically significant correlation 
between the occurrence of specific Trichinella genotypes and 
maximum July temperatures. The eco-regions of the geographic 
range of T. nativa can be characterized as humid, with cold 
winters and short, cool summers. For example, the sub-Arctic 
experiences only 1 mo with temperatures above 10 C, and the 
most southerly eco-region in T. nativa's predicted range, the 
Warm Continental, is humid, but the warmest month's temper-
ature does not exceed 22 C. In contrast, the predicted range for T. 
murrelli includes a highly variable spectrum of eco-regions, which 
can be generalized as humid, with cool winters and hot summers. 
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The major eco-regions over this species' range, i.e., Hot 
Continental, Prairie, and Subtropical regions, have summers of 
3~5 mo, with average temperatures above 22 C. The most arid 
eco-regions for T. murrelli, the Tropical/Subtropical and Medi-
terranean (mountainous), characteristically have hot summers 
with low precipitation. 
These climate differences may help to explain the constraints on 
the distribution of T. nativa. High temperatures may speed carcass 
putrification, exposing the muscle larvae to decomposition by-
products that are harmful. There has been a great deal of research 
on the ability of various Trichinella spp. muscle larvae, especially 
T. nativa, to remain viable in frozen muscle for extended periods 
of time (Kapel, 2000), and a recent report by Davidson et al. 
(2008) provides evidence that there is intraspecific variation in 
freeze resistance of different geographic isolates of T. nativa. In 
contrast, there has been little research on the effect of high 
temperatures and carcass decomposition on the viability of 
muscle larvae. An unpublished report suggests that T. nelsoni, 
endemic in Africa south of the Sahara, survives better in decaying 
meat, compared with other species (cited in Kapel, 2000), and is 
more resistant to elevated temperatures (Sokolova, 1979). An 
evaluation of the role for high temperature tolerance in Trichinella 
spp. viability and geographic distributions is needed. 
Host-related factors 
According to Zarlenga et al. (2006), the diversification of 
Nearctic Trichinella spp. during the late Pilocene and Quarternary 
periods was driven by the isolation and dispersal of their 
carnivore hosts (ursids, mustelids, canids, and felids), a result of 
the episodic glacial-interglacial periods. Consequently, long 
association with these hosts, particularly by T. nativa, may 
have resulted in a level of host species adaptation not easily 
detectable by typical prevalence surveys. Even subtle differences 
in a Trichinella species' adaptation to a particular host species, 
e.g., greater adult worm reproductive capacity and longevity of 
the muscle larvae, could yield a competitive edge over other 
Trichinella species for that host. The geographic range of a 
preferred host species then would influence the species' 
distribution. A possible example of a difference in carnivore 
host species adaptation is the large number of coyote infections 
with T. murrelli (21/45 records for this species; Table I). In 
contrast, although the range for coyotes extends well into the 
range of T. nativa and T6 (Wilson and Ruff, 1999), there are no 
confirmed records for these genotypes in coyotes (0/50). 
Differences in host suitability are also seen in the greater 
infectivity of T. spiralis for swine (Sus serofa) compared to that 
of sylvatic species (Kapel et aI., 1998; Kapel and Gamble, 2000). 
Only a few detailed comparative studies on Trichinella spp. 
infectivity for carnivore hosts have been reported (reviewed by 
Kapel, 2000). Webster and Kapel (2005) observed only slight 
differences in infectivity and reproduction between 4 species of 
Trichinella in infections of foxes (Vulpes vulpes), either in single 
or mixed infections. Although differences in host adaptation 
cannot explain the restricted distribution of T. nativa to higher 
latitudes (the ranges of its hosts such as black bears and red 
foxes extend far below the 42°N line), research utilizing a 
broader array of carnivore host species and infection sizes with 
the Nearctic Trichinella spp. is needed. Relevant information 
would also be provided if, in wild animal surveys, muscle larvae 
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densities (larvae/g) could be made; such data can be used to help 
assess host susceptibility and parasite reproductive capacity in 
various host species. 
In general, GIS models have value for mapping the current 
distribution of a species based on actual records. The Maxent 
model is attractive because, with limited location records, it can 
make predictions of geographic ranges and can direct attention to 
locations for validation of these predictions (Guisan et aI., 2006). 
While the identification of geographic ranges for zoonotic 
parasites can facilitate epidemiological studies and efforts to 
implement preventive measures (Burke et aI., 2008), we emphasize 
that these tools can have great value in monitoring the impact of 
climate changes and man-made landscape alterations on parasite 
distributions. Recently, Rausch et al. (2007) called attention to 
the potential impact of climate change on T nativa transmission 
in the arctic walrus and the infection-risk consequences for 
humans residing in that habitat. Non-climate influences such as 
habitat destruction are also causing significant population 
declines in important T nativa hosts such as wolves and brown 
bears (Schipper et aI., 2008). The development of geographic 
maps for animal species (including parasites) with the assistance 
of models such as Maxent will enhance the ability to develop 
effective conservation strategies and to facilitate the detection of 
evidence on how a species is responding to relevant environ-
mental variables (Svenning and Condit, 2008). The results of the 
present study also illustrate the ability of predictive modeling to 
identify interesting research questions relating to parasite 
biogeography. 
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CHRONOLOGY AND DEVELOPMENT OF JUVENILE BLUEGILL PARASITE COMMUNITIES 
Brenda M. Pracheil* and Patrick M. Muzzall 
Department of Zoology, Michigan State University, East Lansing, Michigan 48824. e-mail: bpracheiI2@unl.edu 
ABSTRACT: This study describes the parasite communities of juvenile bluegill and examines the development of parasite communities 
in juvenile bluegill from 2 Michigan lakes. Parasitological examination of 510 juvenile bluegill from 2 Michigan lakes (Three Lakes II 
[TL] and Gull Lake [GL]) demonstrated that TL bluegill harbored 19 parasite species and GL bluegill harbored 16 parasite species, 
Parasite communities of juvenile bluegill from both lakes were dominated by larval parasites, particularly larval trematodes. A 
nonmetric multidimensional scaling analysis showed bluegill of similar lengths to have similar parasite communities. Relative 
influences of species richness on parasite infracommunities of juvenile bluegill suggest similar patterns of parasite community structure 
between TL and GL. Patterns in parasite colonization evident in both lakes suggest that the smallest juvenile bluegill are primarily 
vulnerable to colonization by parasites acquired through direct contact, particularly larval trematodes, while the majority of parasites 
acquired through ingestion are not acquired until juvenile bluegill are larger and less-gape limited. 
Parasite communities of fish reflect the diet and habitat of the 
fish host (Esch and Fernandez, 1993; Choudhury et aI., 1996; 
Wilson et aI., 1996; Choudhury and Dick, 1998; Marcogliese, 
2004). Only certain parasite species may be acquired in certain 
habitats, because attributes such as vegetation type and quantity, 
as well as substratum type, can playa major role in the presence 
of parasite intermediate hosts found in an area. Parasites, in this 
way, may serve as a marker of changes in fish diet and habitat use. 
Shifts in diet and habitat (Mittel bach, 1981; Werner and Hall, 
1988) undergone by juvenile bluegill, Lepomis macrochirus 
(approximate ages 0-2 yr in Michigan lakes), may lead to 
concomitant changes in their parasite communities and serve as a 
major force in the development of their parasite communities. The 
first diet and habitat shift occurs when larval bluegill move to the 
limnetic zone of a lake for several weeks shortly after hatching in 
the littoral zone (Werner, 1967; Werner and Hall, 1988). These fish 
then return to the littoral zone and primarily reside and forage in 
the littoral zone for the next 1-2 yr (Werner, 1967; Werner and 
Hall, 1988). Juvenile bluegills begin to occasionally forage in 
limnetic habitats sometime during their second year of life at 
approximately 45 mm standard length (SL) (Osenberg et aI., 1992). 
Adult bluegill, those that are approximately 75 mm SL and larger, 
reside and forage almost exclusively in the limnetic zone 
(Mittelbach, 1981; Werner and Hall, 1988; Osenberg et aI., 1992). 
Prior studies have suggested that diet and habitat shifts occurring 
during development of bluegill and other centrarchid fishes are a 
structuring force of their parasite communities (Fiorillo and Font, 
1996; Fellis and Esch, 2004). Differences in intermediate host 
availability between limnetic and littoral zones may lead to changes 
in the parasite community concurrent with these changes in diet 
and habitat use (Wilson et aI., 1996; Carney and Dick, 2000; Zelmer 
and Arai, 2004). Our study objectives were to describe the parasite 
communities of juvenile bluegill and examine the chronology of 
parasite community development in juvenile bluegill from 2 
Michigan lakes, and then relate parasite community development 
to existing knowledge of juvenile bluegill diet and habitat use. 
MATERIALS AND METHODS 
TL, in Kalamazoo County, Michigan, is a 22-ha eutrophic lake 
connected to 2 other lakes, Three Lakes I and Three Lakes III, by short 
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« I km) channels. This lake exhibits thermal stratification and has a 
maximum depth of approximately 10m. Fish collection took place in a 
shallow « 1.5 m) area on the southeast side of the lake. Water 
temperatures in the collection area ranged from 4 to 27 C during the 
study period. Seine collection of 393 juvenile bluegill occurred in TL 
monthly, from June to November 2003 and from April to July 2004 
(Table I). Number and mean length ± SD ofTL bluegill by year class and 
month of collection are shown in Table I. 
GL is an 822-ha mesotrophic lake in Kalamazoo and Barry counties, 
Michigan. This lake exhibits thermal stratification and has a maximum 
depth of approximately 30 m. Collection of fish took place in Miller's 
Marsh, a shallow bay «2 m depth) on the west side of the lake. Water 
temperatures in the collection area ranged from 3 to 25 C during the study 
period. Seine collection of 117 juvenile bluegill occurred in GL monthly, 
also from June to November 2003 and April to July 2004 (Table I); 
however, no juvenile bluegill were present in the June- July 2003 and April 
2004 samples. Number and mean length ± SD of GL bluegill by year class 
and month of collection are shown in Table 1. 
Fish were killed within 48 hr of collection by an overdose of the 
anesthetic MS-222 (tricaine methane sulfonate). The SL, distance from the 
tip of the snout to the end of the caudal peduncle, was measured in 
millimeters for each fish before being preserved in a vial of 70% ethyl 
alcohol. Five scales from each fish were removed from under the left 
pectoral fin below the lateral line for aging. Scales were mounted on glass 
slides and scale annuli were counted using dissecting and compound 
microscopes. Approximately 10% of all fish were examined immediately 
after being killed so that live parasites could be properly fixed for 
identification purposes. 
The location of all parasites and the number of all countable parasites 
(except monogenes and protozoans) from the entire fish were recorded. 
Death of fish treated with MS-222 can result in detachment of external 
parasites (Callahan et aI., 2002), so counts of monogenes and protozoans 
were not made. Protozoan parasites were identified on wet mount slides. 
Trematodes, monogenes, cestodes, and acanthocephalans found in bluegill 
were stored in 70% ethyl alcohol and were processed using a graded ethyl 
alcohol series and stained with Grenacher's borax carmine before 
mounting on slides with Canada balsam. Nematodes were stored in 70% 
ethyl alcohol and were cleared by adding 5 drops of glycerin daily until all 
ethyl alcohol evaporated and was stored in vials of 100% glycerin. 
Specimens of parasites identified to the species level were deposited in 
the United States National Parasite Collection, Beltsville, Maryland: 
Crepidostomum cornutum (101633.00), Posthodiplostomum minimum 
(101636.00), Haplobothrium globuliforme (101634.00), Proteocephalus 
ambloplitis (101635.00), Pomphor,hynchus bulbocolli (101637.00), and 
Spinitectus gracilis (101638.00). Only parasite species collected with both 
gravid females and mature males or larval parasites with distinctive 
characteristics that were in good condition were identified to the species 
level. Specimens of Leptorhyncoides thecatus and Neoechinorhyncus 
cylindratus were not in good condition; therefore, voucher specimens 
were not submitted. Specimens of other parasite species are retained by the 
senior author. 
Ecological terms are used as defined by Bush et al. (1997). Species 
richness and Brillouin's diversity and evenness values (Pielou, 1975; 
Magurran, 1988) were used as metrics of parasite infracommunity 
diversity for each examined bluegill. Calculation of parasite infracommu-
nity diversity and evenness included all countable parasites, irrespective of 
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TABLE I. Number of bluegill examined (N) and mean bluegill SL ± SE. 
Lengths are reported by month of collection and bluegill year class for TL 
and GL, Michigan. 
Month Year class N 
Jun 2003 2001 21 
2002 11 
2003 2 
Jul 2001 12 
2002 3 
2003 0 
Aug 2001 9 
2002 21 
2003 5 
Sep 2001 9 
2002 21 
2003 35 
Oct 2001 6 
2002 16 
2003 38 
Apr 2004 2001 0 
2002 3 
2003 13 
May 2001 0 
2002 4 
2003 55 
Jun 2001 0 
2002 4 
2003 65 
Jul 2001 0 
2002 17 
2003 23 
TL 
Length ± SE 
(mm) 
34.4 ± 0.8 
27.9 ± 0.7 
21.0 ± 2.0 
36.6 ± 0.7 
31.0 ± 2.0 
38.3 ± 0.8 
31.8 ± 0.5 
19.0 ± 1.0 
44.4 ± 0.9 
37.9 ± 0.9 
23.1 ± 0.5 
47.5 ± 2.0 
38.0 ± 0.8 
22.4 ± 0.3 
37.0 ± 0.9 
24.8 ± 1.0 
37.3 ± 1.6 
25.5 ± 0.3 
38.5 ± 2.1 
25.8 ± 0.4 
36.3 ± 0.5 
31.7 ± 0.5 
N 
0 
0 
0 
0 
0 
0 
0 
24 
5 
0 
10 
13 
0 
0 
0 
0 
0 
0 
0 
0 
4 
0 
0 
52 
0 
0 
9 
GL 
Length ± SE 
(mm) 
45.9 ± 1.7 
29.8 ± 4.9 
49.5 ± 0.8 
25.9 ± 1.5 
30.25 ± 1.9 
34.1 ± 0.44 
44.1 ± 0.9 
their site of infection. Calculation of species richness includea all parasites 
found, while calculation of infracommunity diversity and evenness 
included only counted parasites. Parasite infracommunity diversity values 
are expressed as mean ± standard deviation (SD) for each year class of 
bluegill, each month of collection in each lake. 
All univariate analyses were conducted using SAS 9.1.3 (SAS, Chicago, 
Illinois). The relationships between square root transformed bluegill SL 
and In transformed infracommunity diversity, In transformed evenness, 
and square root transformed species richness were examined using simple 
linear regression. We determined the relationship of host length to 
abundances of parasite species using 2-dimensional nonmetric multidi-
mensional scaling (NMDS; Kruskal, 1964). NMDS, an unconstrained 
ordination technique, provides a relatively easily interpreted visual 
representation of the relationship of parasite communities of juvenile 
bluegill by length. The NMDS analysis yields a plot in which, in this case, 
the distances between I-mm length groups of juvenile bluegill on the plot 
are directly related to the similarity of parasite communities among 
juvenile bluegill length groups to each other. In other words, the farther 
apart points are on the plot, the less similar the parasite communities are 
to each other. Likewise, the closer together that the points are on the plot, 
the more similar the parasite communities are to each other (Clarke and 
Gorley, 2006). For this analysis, we calculated mean parasite abundance 
values by parasite species for each I-mm length group of bluegill in each 
lake. Mean parasite abundance for each I-mm length group was 
determined respective of year class of bluegill in each lake. Mean parasite 
abundance values were generated respective of year class in order to 
separate effects of year class and length. This was necessary because 27-
mm bluegill, for example, were examined from the 2001, 2002, and 2003 
year classes. We then generated a Bray-Curtis dissimilarity matrix for 
parasite communities between I-mm length groups respective of year class 
for bluegill from each lake. The "metaMDS" function from the VEGAN 
library in the R-project (R Development Core Team, 2004) statistical 
package was used to conduct the NMDS. The "orditkplot" function from 
the VEGAN library was used to create NMDS plots because it allows for 
the adjustment of labels in the ordination plot to minimize plot 
congestion. However, plot labels were placed as close to the points as 
possible, while maintaining readability. 
We assumed that bluegill from within a year class collected in the same 
month had similar temporal exposure to parasites. Bluegill in TL and GL 
collected within I mo from the same year class had very little size variation 
(Table I), because adult bluegill in these lakes do not experience a long 
protraction of spawning « I mo); thus, bluegill within 1 yr class hatched at 
approximately the same time. For example, 23-mm bluegill from the 2003 
year class did not occur in all months, so temporal variation of the parasite 
community of 23-mm bluegill was not "averaged-out" by the pooling of 
data across months. These assumptions served as our justification for 
pooling samples from across months within a year class for the NMDS 
analysis. Furthermore, the NMDS was conducted under the premise that 
the parasite community of bluegill within a given age class developed over 
time. That is, there was temporal variation in parasite abundance for each 
species within and among year classes of bluegill because, as time passed 
and the bluegill became older and longer, parasite abundance should change 
due to diet and habitat shifts in the bluegill, as well as due to seasonal 
variation. We acknowledge that there may be temporal population trends 
evident for some parasite species; however, the dynamics of juvenile bluegill 
parasite populations are not within the scope of this article. 
The bluegill SL at which each parasite species was first acquired was 
identified in each lake in order to look for patterns of parasite species 
colonization. The order of parasite species colonization was compared 
between lakes and used in conjunction with NMDS plots to determine the 
chronological development of juvenile bluegill parasite communities. 
RESULTS 
Parasite community description 
Summary statistics of parasite species found by lake, bluegill 
age, and year of collection are presented in Appendix I. Juvenile 
bluegill from TL were infected with 71,400 parasites from 14 
parasite species including 7 trematodes, 2 cestodes, 2 acantho-
cephalans, and 3 nematodes. Juvenile bluegill were also infected 
with 4 external parasite species including 2 monogene and 2 
protozoan species. Prevalence and mean abundance of the above 
TL bluegill parasites are reported in Appendix I. Some C. 
cornutum, S. gracilis, Actinocleidus sp., and Anchoradiscus sp. 
were gravid adults. Parasite infracommunities of juvenile bluegill 
largely consisted of parenteric larval parasites, i.e., Clinostomum 
sp., Cryptogonimus sp., Diplostomum sp., Neascus sp., Posthodi-
plostomum minimum, Proteocephalus ambloplitis, Haplobothrium 
globuliforme, Neoechinorhynchus cylindratus, and Spiroxys sp., 
which comprised 99.6% of all parasites enumerated. The larval 
trematode Cryptogonimus sp. represented 93.2% of all individual 
parasites counted and was the most abundant and prevalent 
parasite species in bluegill sunfishes. 
Juvenile bluegill from GL were infected with 6,634 countable 
parasites from 10 species including 5 trematodes, I cestode, 3 
acanthocephalans, and I nematode. Four species of ecto-parasites 
also infected juvenile bluegill, including 2 monogenes and 2 
protozoans. Some Pomphorhynchus bulbocolli, S. gracilis, Actino-
cleidus sp., and Anchoradiscus sp. were gravid adults. Parenteric 
larval parasites, i.e., Cryptogonimus sp., Diplostomum sp., Neascus 
sp., P. minimum, P. ambloplitis, H. globuliforme, and N. 
cylindratus, comprised 99.0% of all parasites enumerated. 
Cryptogonimus sp. metacercariae, the most prevalent and 
abundant species encountered, accounted for 88.9% of all counted 
parasites. Several parasite species were common to TL and GL, 
including Actinocleidus sp., Anchoradiscus sp., Azygia sp., 
Cryptogonimus sp., Diplostomum sp., Neascus sp., P. minimum, 
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P. ambloplitis, H. globuliforme, N. cylindratus, P. bulbocolli, S. 
gracilis, Myxobolus sp., and Trichodina sp. 
Parasite community development 
There were significant positive correlations between parasite 
infracommunity diversity, evenness, species richness, and TL 
bluegill SL. Species richness showed the strongest association with 
length (r = 0.58405; P < 0.0001; 391 d£). On the other hand, 
associations between bluegill SL and parasite infracommunity 
diversity (r = 0.24143; P < 0.0001; 391 d£) and evenness were 
much weaker (r = 0.1547; P = 0.0021; 391 d£). 
Stress values, which report how well the NMDS represents the 
relationships among' the data points, for the 2-dimensional 
NMDS analyses were <0.10 (0.02 for TL NMDS and 0.06 for 
GL NMDS), indicating that the 2-dimensional Nlv:!DS analysis 
would give sufficient resolution for reliable interpretation. Similar 
lengths of TL juvenile bluegill parasite communities cluster 
together in the NMDS plots. Figure 1 shows length groups to 
cluster together, generally, regardless of bluegill year class. For 
example, 30- to 49-mm bluegill usually cluster together on the left 
side of the NMDS plot, with no partitioning of points by bluegill 
year class. Some partitioning by year class can be seen in Figure 1; 
however, many of the 2003 year class bluegill clustered together 
are lengths of age-O only bluegill, and age-O bluegill were 
examined only from the 2003 year class. Smaller bluegill also 
generally occupy the right side of the NMDS plot, and the left 
side of the NMDS plot is generally occupied by larger bluegill. 
Clustering oflength groups ofTL bluegill looks to be caused by 
a shift in the mechanisms driving changes in the parasite 
community. Irrespective of year class, changes in parasite 
infracommunities of TL bluegill <29 mm are primarily influenced 
by increases in intensities of already acquired parasite species, 
because mean species richness among these length groups changes 
very little (Fig. 2). On the other hand, parasite communities ofTL 
bluegill >29 mm are largely clustered together (Fig. 1) and are 
more heavily influenced by the addition of new parasite species 
(Fig. 2). TL bluegill >29 mm, for instance, have a steep increase 
in species richness compared to bluegill <29 mm, despite a small 
increase in parasite infracommunity evenness (Fig. 2). 
There was a significant positive correlation between parasite 
infracommunity species richness and GL bluegill SL (r = 0.2808; 
P = 0.0020; 118 d£). However, unlike parasite infracommunities 
of TL bluegill, diversity and evenness were not significantly 
correlated with length. Similar to parasite infracommunities ofTL 
bluegill, similar length groups of GL bluegill generally grouped 
together, regardless of bluegill year class; however, similar length 
groups from GL bluegill did not cluster as tightly as did length 
groups from TL bluegill (Fig. 3). 
Similar lengths of GL bluegill generally clustered together, 
showing development of parasite communities with increasing 
length (Fig. 3). For example, bluegill between 40 and 49 mm 
generally plotted on the upper left of the NMDS plot, regardless 
of year class (Fig. 3). Further, GL bluegill 50-59 mm were 
generally found on the upper right of the NMDS plot, showing 
similarity in parasite communities of bluegill of these lengths 
(Fig. 3). However, bluegill do not seem to show distinct 
separations between 20 and 39 mm (Fig. 3). 
Clustering of length groups of GL bluegill also look to be 
caused by the mechanisms driving the changes in the parasite 
community. Irrespective of year class, parasite infracommunities 
of GL bluegill <29 mm are primarily influenced by increases in 
intensity of already acquired parasite species, because mean 
species richness among these length groups changes very little 
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(Fig. 4). Similar to TL bluegill parasite communities, GL bluegill 
>29 mm look to be more heavily influenced by the addition of 
new parasite species (Fig. 4). GL bluegill >29 mm have a steep 
increase in species richness compared to bluegill <29 mm, despite 
a small increase in parasite infracommunity evenness (Fig. 4). 
Larval trematodes, such as Cryptogonimus sp. metacercariae 
and P. minimum, the 2 most prevalent and abundant parasite 
species of juvenile bluegill, were among the first parasites to 
colonize juvenile bluegill in both lakes (Appendix I). Cryptogo-
nimus sp. was found in the smallest bluegill examined in each lake. 
Proteocephalus ambloplitis was the first parasite acquired through 
ingestion to colonize bluegill in TL, while P. bulbocolli was the 
first parasite acquired through ingestion of an intermediate host 
to colonize GL bluegill. Monogenes and protozoans did not 
appear to have any colonization patterns in juvenile bluegill in 
either lake. 
DISCUSSION 
Parasite community description 
The parasite faunas ofTL and GL bluegill can be divided into 3 
groups, i.e., parasites that use an intermediate host and burrow 
through the skin of bluegill, parasites that use an intermediate 
host and the parasite is acquired by bluegill through intermediate 
host ingestion, and parasites that have a direct life cycle and 
directly infect bluegill. Azygia sp., Cryptogonimus sp., P. 
minimum, Neascus sp., Clinostomum sp., Diplostomum sp., and 
Myxobolus sp. use intermediate hosts and infect bluegill, either 
through direct ingestion of the larval stage or through penetration 
of the skin by the larval stage. Leptorhynchoides thecatus, P. 
bulbocolli, N. cylindratus, P. ambloplitis, H. globuliforme, S. 
gracilis, Spiroxys sp., and Camallanus sp. use intermediate hosts 
and infect bluegill through intermediate host ingestion. Anchor-
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adiscus sp., Actinocleidus sp., and Trichodina sp. have a direct life 
cycle and infect bluegill through attachment to gills. 
The parasite fauna of juvenile bluegill in TL and GL, Michigan, 
are dominated in numbers of species and numbers of individuals 
by larval parasites, particularly larval trematodes. Similarly, 
Fischer and Kelso (1990) and Steinauer and Font (2003) both 
found larval trematodes to represent a larger number of species 
than any other single taxonomic group in juvenile bluegill. Fischer 
and Kelso (1990) also indicated that larval trematodes had higher 
intensities than any other species of parasite found. Several 
piscivorous vertebrates capable of serving as definitive hosts for 
juvenile bluegill parasites were observed at TL and GL, including 
belted kingfishers (Ceryle alcyon), great blue herons (Ardea 
herodias), painted turtles (Chrysemys picta), largemouth bass 
(Micropterus salmoides), and bowfin (Amia calva) (B. Pracheil, 
pers. obs). Juvenile bluegill are an important prey item for many 
vertebrate species. The significance of juvenile bluegill as a prey 
item, in conjunction with their position as an intermediate host to 
a number of larval parasite species, demonstrates their impor-
tance as a link in transmitting many parasite species to 
piscivorous vertebrates. 
Many of the parasite species found in the juvenile bluegill from 
TL and GL have been found in previous studies of parasites of 
Michigan bluegill (see Muzzall and Peebles, 1998 for summary). 
The present study is the first report of Azygia sp., Cryptogonimus 
sp., H. globuiiforme, Actinocleidus sp., and Anchoradiscus sp. from 
Michigan bluegill. Abundances of Cryptogonimus sp. metacercar-
iae reported in the present study are the highest that have been 
reported from Michigan bluegill. 
Parasite community develop.ment 
Juvenile bluegill in both lakes had increasing parasite species 
richness with increasing length. Bluegill are able to eat a greater 
variety and volume of prey and potentially use a greater number 
of habitats as they age (Mittelbach, 1981), thus exposing them to 
a greater variety of parasites. Likewise, the time that a bluegill has 
been exposed to parasites increases as a bluegill ages and becomes 
longer, in addition to increasing surface area exposed for parasites 
to attach and penetrate as bluegill become older and larger. 
Similarly, Fellis and Esch (2004) found that, as green sunfish, 
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Lepomis cyanellus, became older and longer, they had significant-
ly greater parasite species richness, although they did not observe 
such a relationship in bluegill from the same pond. 
The dependence of bluegill diet and habitat use on length 
provides fish of similar length, particularly in the case of smaller 
bluegill, similar conditions for developing parasite infra- and 
component communities, thus leading to similarities in these 
communities among bluegill of similar lengths. Clustering of 
bluegill of similar lengths is likely due to a high degree of 
similarity in habitat and prey use among fish of these lengths. For 
instance, Werner and Hall (1988) showed that as juvenile bluegill 
become larger, they begin to forage above the vegetation in the 
littoral zone, occasionally foraging in the limnetic zone prior to 
switching to primary lim netic foraging. Prey items within and 
above littoral vegetation differ (Werner and Hall, 1988), 
potentially resulting in differences in intermediate host availabil-
ity. A subtle change in foraging habitat use such as this may 
therefore be driving differences in parasite infra- and component 
community development between bluegill with length in each 
lake. Other studies have also shown fish with similar habitats to 
have similar parasite communities. Knudsen et al. (2004) found 
that Arctic char, Salvelinus alpinus, parasite communities were 
most similar among fish with similar diet and habitat use. 
Moreover, Wilson et al. (1996) found that adult bluegill with 
similar habitat use had similar parasite community structure. 
The TL bluegill population is smaller in length at each age than 
the GL bluegill (although not always significantly); nevertheless, 
patterns of parasite community development remain similar 
between the 2 lakes. Parasite communities of bluegill of similar 
lengths, e.g., bluegill 20-29 mm, were more similar to each other 
than were bluegill of different lengths, e.g., 20-29 mm bluegill 
compared with 40-49 mm bluegill. Patterns in parasite coloniza-
tion were also similar between lakes. Larval trematodes, for 
example, were the first parasites in both lakes to coLonize juvenile 
bluegill. 
Bluegill from both lakes harbored similar percentages of larval 
parasite species (52% larval species in TL vs. 50% larval species in 
GL), even though TL bluegill harbored a greater number of 
parasite species, as well as a greater number of larval trematodes. 
Esch (1971), on the other hand, found that fish from eutrophic 
systems had higher proportions of larval parasites compared with 
fish from oligotrophic systems. Differences in the larval versus 
adult parasite composition in TL and GL between the present 
study and the study of Esch (1971) may be due to similarities 
between habitat at the GL and TL collection sites. The GL 
collection area resembles a eutrophic system, even though the lake 
is classified as having a meso trophic to oligotrophic trophic 
status. This collection area in GL has emergent vegetation and 
relatively high allochthonous nutrient input and likely illustrates a 
bay effect where a bay of a large lake will take on characteristics 
of a small, eutrophic system (Hazen and Esch, 1978). Similarities 
in infracommunity development between lakes may additionally 
be illustrative of similarities in diet and habitat use common to 
juvenile bluegill. Fischer and Kelso (1990) and Steinauer and Font 
(2003) also found larval trematodes to be among the earliest 
parasites to colonize juvenile bluegill. These studies were both 
conducted in Louisiana, a location climactically and geographi-
cally disparate from Michigan, suggesting a parasite colonization 
pattern common among juvenile bluegill or that similar factors 
influence parasite community development. 
TABLE II. SL of juvenile bluegill from TL and GL, Michigan, observed to 
first harbor a parasite species, irrespective of bluegill year class or month 
of collection. The middle column lists the parasite species first acquired at 
a particular length by juvenile bluegill in TL. The right column lists the 
parasite species first acquired at a particular length by juvenile bluegill in 
GL. A dash indicates that no new parasite species were acquired by fish of 
a given length in a lake. 
SL (mm) TL GL 
16 Cryptogonimus sp. 
17 P. ambloplitis 
19 Neascus sp. Cryptogonimus sp. 
P. minimum Cryptogonimus sp. 
Trichodina sp. Cryptogonimus sp. 
20 Azygia sp. Diplostomum sp. 
Camallanus sp. P. minimum 
P. bulbocolli 
21 Spiroxys sp. 
23 H. globuliforme 
N. cylindratus 
Anchoradiscus sp. 
24 Diplostomum sp. 
25 S. gracilis 
27 Myxobolus sp. 
Actinocleidus sp. 
28 Neascus sp. 
P. ambloplitis 
29 N. cylindratus 
Anchoradiscus sp. 
30 H. globuliforme 
32 P. bulbocolli L. thecatus 
S. gracilis 
34 Clinostomum sp. 
35 C. cornutum Azygia sp. 
37 Trichodina sp. 
Actinocleidus sp. 
42 Myxobolus sp. 
Patterns of parasite species colonization, including the sequence, 
may also be a reflection of the dynamics of diet and habitat use by 
juvenile bluegill. Groups of parasites, i.e., trematodes, cestodes, 
and monogenes, initially colonize bluegill from both lakes in a 
similar order. For example, most of the parasites that colonize the 
smallest juvenile bluegill in both lakes are larval trematodes 
acquired through direct contact (Table II). Gape limitations of the 
smallest juvenile bluegill limit prey items available for consump-
tion; thus, the majority of parasite species found in the smallest fish 
are those acquired through direct contact that do not require 
intermediate host ingestion. For example, 57% of the parasites 
acquired by the smallest 5-mm length classes of TL bluegill in the 
present study are acquired passively by penetration of cercaria 
(Cryptogonimus sp., Neascus sp., and P. minimum) or through 
ingestion of small invertebrate hosts or cercariae (P. ambloplitis and 
Camallanus sp.-ingestion of copepod host; Azygia sp.-ingestion 
of cercariae) (Hoffman, 1999). Increasing bluegill length leads to an 
increase in parasite species acquired through ingestion of interme-
diate hosts, such as cestodes, acanthocephalans, and nematodes, 
because increases in gape size lead to the ability of the bluegill to eat 
larger prey items (Wilson, 1975; Hambright, 1991; Ovadia and 
Schmitz, 2002) and develop a more diverse diet. The increased 
diversity of diet concurrent with increased gape size may lead to the 
increased prevalence of parasites acquired through ingestion of 
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intermediate hosts by larger juvenile bluegill. For instance, 8 of the 
final 13 parasite species acquired by TL juvenile bluegill, and 6 of 
the last 10 parasite species acquired by GL juvenile bluegill are 
obtained through ingestion. Similarly, it has been suggested that 
divergent behaviors, specifically ontogenetic habitat shifts, between 
old and young yellow perch lead to exposure to different parasites, 
especially rare species acquired by older yellow perch (Zelmer and 
Arai, 2004). 
Perhaps most interesting is the nearly dichotomous influences of 
increases in intensities of already acquired parasite species and the 
acquisition of new parasite species in the parasite infracommunities 
between bluegill <29 mm and those >29 mm, particularly in TL. 
Table II shows that nearly all parasite species could have been 
acquired by a TL bluegill prior to reaching 29 mm SL; however, 
mean species richness does not begin to substantially increase until 
approximately 29 mm (Fig. 3). Life histories of bluegill may 
support colonization of most parasite species, but accumulation of 
individuals of already acquired species, rather than acquisition of 
novel parasite species, more heavily influences parasite infracom-
munities of bluegill <29 mm. Conversely, bluegill >29 mm have a 
sharp increase in mean species richness and a slight decrease in 
evenness, illustrating that at this length, the addition of novel 
parasite species to parasite infracommunities more greatly influ-
ences parasite infracommunities. Addition of novel parasite species 
plays an increasing role in GL bluegill parasite communities for 
bluegill >29 mm, as shown in Figure 6. Table II suggests that, in 
contrast to TL bluegill <29 mm, life histories of GL bluegill <29 
mm may only support the acquisition of a few parasite species and 
that the large influence of new species introduction into parasite 
infracommunities happens abruptly at 29 mm. We do, however, 
urge some caution when interpreting between-lake comparisons, 
because of differences in temporal extents of bluegill collections 
from TL and GL. 
Effects of juvenile bluegill development on heln;tinth infra-
communities is also evidenced by differential proportions of larval 
and immature helminths in juvenile bluegill from the present 
study and adult bluegill (Muzzall and Peebles, 1998). Infracom-
munities in adult bluegill, for example, have a smaller proportion 
of larval and immature helminths. Muzzall and Peebles (1998) 
reported 22 helminth species from adult Michigan bluegill or 
bluegill of unknown age, with 31 % being larval or immature 
individuals. TL juvenile bluegill, by comparison, hosted 15 
helminth species, with 80% being larval or immature parasites. 
Similarly, 62% of the 13 helminth species hosted by GL juvenile 
bluegill were larval or immature. Increased littoral habitat use has 
been linked to an increase in prevalence oflarval parasites in adult 
bluegill, presumably because of increased exposure to directly 
penetrating cercariae and ingestion of invertebrate intermediate 
hosts (Wilson et a!., 1996). Likewise, the primary use of the 
littoral zone as habitat for juvenile bluegill likely leads to 
increased susceptibility of juvenile bluegill to colonization by 
larval and immature parasites when compared with adult bluegill 
(Muzzall and Peebles, 1998). Diet and habitat differences between 
adult and juvenile bluegill (Werner and Hall, 1988; Osenberg et 
a!., 1992) may provide some transmission advantage to using 
juvenile, but not adult, bluegill as a second intermediate host. 
Thus, juvenile bluegill are more vulnerable to predation than 
adults (Werner and Hall, 1988) and would enhance transmission 
probabilities of larval parasites to their definitive hosts by using 
juvenile bluegill as intermediate hosts. 
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APPENDIX-MEAN PARASITE ABUNDANCE ± SD (RANGE) AND PREVALENCE FOR L. MACROCHIRUS EXAMINED 
FROM TL AND GL, MICHIGAN, BY HOST AGE AND YEAR OF COLLECTION. MONOGENE AND PROTOZOAN PARASITES 
WERE NOT ENUMERATED; THUS, ONLY PREVALENCE IS REPORTED 
TL GL 
Mean abundance ± SD Mean abundance ± SD 
Parasite Age Yr (Range) Prevalence % (Range) Prevalence % 
Azygia sp. 0 2003 0.3 ± 0.7 (0-5) 17.5 0 
2003 0.4 ± 1.7 (0-12) 12.7 0 
2004 <0.1 ± 0.2 (0-1) 3.2 0 
2 2003 <0.1 ± 0.1 (0-1) 1.5 
2 2004 0.1 ± 0.3 (0-1) 7.1 
C. cornutum 0 2003 0 0 
2003 0 0 
2004 0 0 
2 2003 0 
2 2004 0.5 ± 2.3 (0-12) 7.1 
Cryptogonimus sp. * 0 2003 33.9 ± 32.0 (2-230) 100 16.4 ± 27.7 (0-100) 84.2 
I 2003 273.8 ± 235.2 (2-1414) 100 69.1 ± 50.5 (0-216) 97.1 
1 2004 55.2 ± 83.9 (0-474) 99.4 45.0 ± 42.2 (4-214) 100 
2 2003 470.7 ± 489.9 (0-2387) 98.5 
2 2004 246.8 ± 283.7 (31-1563) 100 
P. minimum* 0 2003 3.5 ± 2.9 (0-10) 80.0 1.3 ± 4.3 (0-19) 31.6 
2003 15,,() ± 12.8 (0-49) 98.4 0.4 ± 0.7 (0-2) 32.4 
2004 2.3 ± 3.0 (0-19) 67.3 2.6 ± 2.5 (0-11) 76.9 
2 2003 18.2 ± 22.2 (0-93) 95.5 
2 2004 12.3 ± 14.0 (0-57) 92.9 
Neascus sp.* 0 2003 0.6 ± 1.6 (0-13) 30.0 0.5 ± 2.1 (0-9) 10.5 
1 2003 5.2 ± 14.8 (0-114) 61.9 0.2 ± 0.6 (0-2) 11.8 
2004 1.0 ± 3.0 (0-28) 22.4 0.8 ± 2.1 (0-12) 21.5 
2 2003 4.8 ± 6.9 (0-29) 62.1 
2 2004 3.1 ± 4.3 (0-19) 78.6 
Clinostomum sp. * 0 2003 0 0 
2003 0 0 
2004 0 0 
2 2003 <0.1 ± 0.1 (0-1) 1.5 
2 2004 0 
Diplostomum sp.* 0 2003 0 0.1 ± 0.2 (0-1) 47.7 
2003 0.3 ± 1.0 (0-6) 15.9 0 
2004 0.1 ± 0.4 (0-3) 7.1 3.7 ± 5.2 (0-29) 73.8 
2 2003 0.7 ± 1.8 (0-9) 21.2 
2 2004 0.8 ± 1.6 (0-6) 35.7 
L thecatus (parenteric) 0 2003 0 0 
2003 0 0.1 ± 0.2 (0-5) 5.9 
2004 0 <0.1 ± 0.2 (0-1) 4.6 
2 2003 0 
2 2004 0 
L thecatus* (enteric) 0 2003 0 0 
1 2003 0 0.1 ± 0.2 (0-5) 5.9 
2004 0 <0.1 ± 0.2 (0-1) 4.6 
(Table continued) 
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APPENDIX. CONTINUED 
TL GL 
Mean abundance ± SD Mean abundance ± SD 
Parasite Age Yr (Range) Prevalence % (Range) Prevalence % 
2 2003 0 
2 2004 0 
P. bulbocolli 0 2003 0 0.8 ± 1.2 (0-4) 47.4 
2003 0 2.1 ± 1.7 (0-5) 76.5 
2004 <0.1 ± 0.2 (0-2) 1.9 0.2 ± 0.6 (0-3) 20.0 
2 2003 <0.1 ± 0.3 (0-2) 3.0 
2 2004 0.1 ± 0.4 (0-2) 3.6 
N. cylindratus* 0 2003 0 0.1 ± 0.2 (0-1) 5.3 
1 2003 0.1 ± 0.6 (0-5) 1.6 0 
2004 <0.1 ± 0.1 (0-1) 1.3 <0.1 ± 0.12 (0-1) 1.5 
2 2003 0 
2 2004 <0.1 ± 0.2 (0-1) 3.6 
P. ambloplitis* 0 2003 0.2 ± 0.5 (0-2) 16.3 0 
1 2003 1.3 ± 2.1 (0-13) 33.3 <0.1 ± 0.2 (0-1) 2.9 
1 2004 0.4 ± 0.8 (0-4) 28.9 0.1 ± 0.2 (0-1) 6.2 
2 2003 1.4 ± 1.9 (0-12) 66.7 
2 2004 1.5 ± 2.1 (0-9) 50 
H. globuliforme* 0 2003 0.1 ± 0.3 (0-1) 7.5 0 
2003 0.2 ± 0.8 (0-6) 9.5 0 
2004 0.1 ± 0.3 (0-2) 5.8 <0.1 ± 0.1 (0-1) 1.5 
2 2003 0.1 ± 0.3 (0-1) 13.6 
2 2004 0.1 ± 0.3 (0-1) 7.1 
S. gracilis 0 2003 0 0.1 ± 0.2 (0-1) 5.3 
1 2003 0.8 ± 2.3 (0-14) 23.8 0.8 ± 1.6 (0-7) 32.4 
2004 0.2 ± 0.8 (0-6) 5.8 0.2 ± 0.5 (0-2) 20.0 
2 2003 1.2 ± 2.2 (0-12) 37.9 
2 2004 1.4 ± 2.4 (0-8) 39.3 
Spiroxys sp. * ~ 0 2003 <0.1 ± 0.2 (0-2) 2.5 0 
1 2003 0.1 ± 0.4 (0-2) 4.8 0 
1 2004 <0.1 ± 0.1 (0-1) 1.3 0 
2 2003 <0.1 ;i: 0.2 (0-2) 1.5 
2 2004 0 
Camal/anus sp. * 0 2003 <0.1 ± 0.1 (0-1) 1.3 0 
1 2003 0.1 ± 0.2(0-1) 6.4 0 
2004 <0.1 ± 0.1 (0-1) 1.9 0 
2 2003 <0.1 ± 0.2 (0-2) 3.0 
2 2004 0 
Actinocleidus sp. 0 2003 0 5.2 
1 2003 3.2 5.9 
1 2004 3.9 3.1 
2 2003 1.5 
2 2004 10.7 
Anchoradiscus sp. 0 2003 0 0 
2003 3.2 2.9 
2004 1.9 6.2 
2 2003 3.0 
2 2004 0 
Myxobolus sp. 0 2003 0 0 
2003 15.9 5.9 
2004 2.6 1.5 
2 2003 10.6 
2 2004 14.3 
Trichodina sp. 0 2003 7.5 0 
1 2003 6.4 0 
1 2004 5.1 0 
2 2003 4.6 
2 2004 35.7 
• Larval or immature stage. 
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MORPHOLOGICAL AND MOLECULAR TAXONOMY OF A NEW SPECIES OF 
FUNDULOTREMA AND COMMENTS ON GYRODACTYLUS STEPHANUS (MONOGENEA: 
GYRODACTYLIDAE) FROM FUNDULUS HETEROCLITUS (ACTINOPTERYGII: 
CYPRINODONTIFORMES) IN NOVA SCOTIA, CANADA 
Stanley D. King and David K. Cone 
Department of Biology. Saint Mary's University, Halifax, Nova Scotia B3H 3C3, Canada. e-mail: Stanleyking@smu.ca 
ABSTRACT: Fundulotrema porterensis n. sp. (Monogenea: Gyrodactylidae) is described from the mummichog, Fundulus heteroclitus 
(L.; Cyprinodontidae), inhabiting Porters Lake, Nova Scotia, Canada. The new parasite species is characterized by having a ventral 
bar with small anterolateral processes and linguiform membrane, differentiating it from all other known species of Fundulotrema. The 
morphological description of F porterensis is supplemented with 1,011 sequenced base pairs (bp) of ribosomal DNA (rDNA) spanning 
both internal transcribed spacers (ITS-l and ITS-2) and 5.8S regions of the genome. A BLAST (basic local alignment search tool) 
search revealed that the 5.8S (157 bp) region varied by 1 bp from Gyrodactylus turnbulli Harris, 1986 and G. pictae Cable, Oosterhout, 
Barson and Harris, 2005, which also infect cyprinodontids. Morphometrically, F porterensis most closely resembles Fundulotremafoxi 
(Rawson, 1973), but the 2 species are easily separated by length of hamuli (50.7 vs. 42.2 /-1m, respectively), length of anterolateral 
process of the ventral bar (4.9 vs. 8.9 /-1m), shape of marginal hooks, and shape of the ventral bar membrane. A morphological and 
molecular supplemental diagnosis of Gyrodactylus stephanus Mueller, 1937, from the mummichog, is also presented. This new material 
provides previously unrecorded information on the attributes of the ventral bar, marginal hooks, and also clarifies the structure of the 
male copulatory organ (MCO). 
The parasite fauna of Fundulus heteroclitus (L.) has been the 
focus of many studies (Marcogliese, 1995; Barse, 1998; Harris and 
Vogelbein, 2006; Bass and Weis, 2008). From this research, 3 
species of Gyrodactylus von Nordmann, 1832 (Monogenea) have 
been described, i.e., Gyrodactylus stephanus Mueller, 1937, 
Gyrodactylus prolongis Hargis, 1955, and Gyrodactylus foxi 
Rawson, 1973. Two of these, G. prolongis and G. foxi, were 
subsequently transferred to Fundulotrema Kritsky and Thatcher, 
1977, because of the presence of a peduncular bar, the key diagnostic 
feature that separates the 2 genera (Kritsky and Thatcher, 1977; 
Cone and Odense, 1988). Species of Fundulotrema are also 
characterized as having pronounced anterolateral processes, elon-
gate and rectangular ventral bar membranes, and infecting 
cyprinodontid fishes, typically fundulids (Hoffman, f999). 
During a recent parasite survey of F. heteroclitus, a previously 
undescribed species of Fundulotrema was found and is described 
herein. In addition, the antiquated description of G. stephanus is 
supplemented based on new material, also from F. heteroclitus. 
MATERIALS AND METHODS 
Samples of F heteroclitus were collected by seine net from the brackish 
waters (16 parts per thousand) of Porters Lake (44°4l'N, 63°17'W) on 20 
June 2008. Additional samples of F heteroclitus, F. diaphanus, and F 
heteroclitus X F diaphanus hybrids were collected during the same month 
from various localities within Porters Lake and nearby Lawrencetown 
Lake (44°39'N, 63°21 'W). Fish were transported live to Saint Mary's 
University and held in aquaria until dissection. Using a stereomicroscope, 
live gyrodactylids were prepared as glycerine mounts for light microscopy, 
including bright field, phase, and interference contrast optics. Measure-
ments were obtained with the use of a Zeiss Axioplan 2 light microscope 
with AxioVision ReI. 4.5 digital software. All measurements follow 
Malmberg (1970), with the exception of Malmberg's measurement of bar 
width (dorsal and ventral), referred to here as length, and vice versa. All 
measurements are in micrometers. A holotype and 2 paratypes were 
prepared for museum deposition by rehydrating glycerine-mounted 
specimens in dH20 overnight and staining with Gomori's trichrome. 
The specimens were then dehydrated in 100% ethanol, cleared with xylene, 
and mounted in Canada balsam. 
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Additional specimens were preserved in 95% ethanol for molecular 
analysis and scanning electron microscopy (SEM) photography of 
haptoral sclerites. For SEM microphotography, preserved specimens were 
placed in a drop of dH20 on a l2-mm round glass coverslip, which in turn 
was attached to a glass slide with a drop of dH20. Tissue surrounding the 
haptoral sclerites was removed with the use of a lOx digestion buffer 
consisting of 75 mM Tris, pH 8.0, 10 mM EDTA, 5% SDS, and 
proteinase K to a final concentration of 100 /-Ig/ml (Harris et aI., 1999) 
and incubated at 55 C for 10 min. At this time, the specimen was examined 
with a stereomicroscope and, if necessary, a further 2.5-/-11 lOx digestion 
buffer was added and the sample reincubated for 10 min. The digestion 
buffer was removed and the coverslip air-dried over night. The digested 
specimen was washed 3-4 times with dH20 to remove excess debris, and 
air-dried again. The coverslip was then attached to an aluminum stub with 
the use of double-sided carbon tape and sputter coated with gold prior to 
observation with a LEO 1450VP scanning electron microscope. 
For molecular analysis, DNA was extracted from individual preserved 
parasites with the use of a DNeasy blood and tissue kit (Qiagen, Valencia, 
California) in accordance with the manufacturer's instructions. The DNA 
was amplified by polymerase chain reaction (PCR) and the primer pair-
ITSI (5'-TTTCC GTAGG TGAAC CT-3') and ITS2 (5'-TCCTC 
CGCTT AGTGA TA-3') (Cunningham, 1997). The primer pair ITSR3A 
(5'-GAGCC GAGTG ATCCA CC-3') ITS4.5 (5'-CATCG GTCTC 
TCGAA CG-3') was used for internal sequencing (Matejusova et aI., 
2001). Each 25-/-11 PCR reaction consisted of a 2-/-11 DNA template, 1 X 
TITANIUM Taq buffer (Clontech, Mountain View, California), 0.2 mM 
of dNTP, 0.2/-1m of each primer, 0.5x TITANIUM Taq DNA 
polymerase (Clonetech). Amplification was performed in a PTC-200 
thermal cycler (MJ Research, South San Francisco, California) with the 
following protocol: 95 C for 3 min, 5 touchdown cycles of 95 C for 30 sec, 
65 C for 30 sec (decreasing by 3 C for each of the 5 touchdown cycles), 
72 C for 60 sec, then 30 amplification cycles of 95 C for 30 sec, 50 C for 
30 sec, and 72 C for 60 sec. This was followed by a 300-sec final hold at 
72 C. Products were visualized on a 1.5% agarose gel stained with SYBR 
Safe (Invitrogen, Carlsbad, California) DNA gel stain. The PCR product 
(5 /-11) was purified with the use of ExoSap-IT (USB, Cleveland, Ohio) and 
sequenced with a 3130X Genetic' Analyzer (Applied Biosystems, Foster 
City, California) with the same primers that generated the PCR product. 
Syntype slides of F foxi (Rawson, 1973; U.S. National Parasite Collection 
[USNPC 072576.00]) were examined for morphological comparison. 
DESCRIPTION 
Fundulotrema porterensis n. sp. 
(Figs. 1-7) 
Diagnosis (glycerine-mounted specimens, n = 18j: Body 625.7 ± 82.2 
(471.1-787.0) long (mean ± standard deviation, range in parentheses), 
I R M mi rograph of th ( I ) marginal h k (2) entral 
bar and (3) hamuli of FUfldulotrema pOl'leren i n. p. ale bar: (1) 211m 
(2) 4 11m, (3) 10 11m. 
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(7) of Fundulotrema porteren i n. p. cal bar : (4) 5 (5) 4, (6) 7 (7) 
5 11m. 
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Supplemental description 
Gyrodactylus stephanus Mueller, 1937 
(Figs. 8-13) 
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DISCUSSION 
Fundulolrema porleren i n. p. i th i th known memb r of 
th genu, 5 f hi h para itiz p i of Fundulu ; th oth r a 
r lat d prin d ntid Lucania goodei J rdan . Th n w 
d crib d h rein dif~ r fr m all ther m mb r f th 
genus in having a ventral bar with a linguiform membrane and 
small anterolateral processes. Species of Fundulotrema, including 
F. porterensis, have a ventral bar membrane with thick ribs that 
form 2 groups with various bifurcate patterns. These species are 
typically specific to the genus Fundulus, but infect multiple 
species. Six different hosts have been reported for Fundulotrema 
prolongis, 5 of them fundulids. Interestingly, the only species 
infecting a nonfundulid host, Fundulotrema trematoclithrus, is the 
only species to show strict host specificity, perhaps suggesting the 
close relatedness of this host genus. Gyrodactylus stephanus infects 
the same 5 fundulids as F. prolongis, furthering this idea. 
Fundulotrema porterensis and G. stephanus additionally both 
consistently parasitized Fundulus diaphanus and F. heteroclitus X 
F. diaphanus hybrids, which were also sampled at various 
localities throughout the lake and in nearby Lawrencetown Lake. 
Fundulus heteroclitus typically had co infections of 4 gyrodactylids; 
F. porterensis, F. prolongis (Hargis, 1955), F. foxi, and G. 
stephanus. This represents an unusually rich fauna, all living 
sympatrically on several related host species. It will be interesting 
to determine if there is resource partitioning, as evidenced 
through spatially separated microhabitats similar to that reported 
in other sympatric infections (Bakke et aI., 2007). 
Infections of G. stephanus have been reported from 5 fundulids 
and 1 Gasterosteidae, Pungitius pungitius (L.). With the low host 
specificity and morphological similarity of G. stephanus, G. 
arcuatus, and Gyrodactylus avalonia Hanek & Threlfall, 1969, 
molecular sequence data and comprehensive description are 
essential for distinguishing these species that often share brackish 
water hosts (Harris et aI., 2004). These 3 species appear to 
represent products of a gyrodactylid lineage that has radiated in 
coastal estuaries of the northern hemisphere. 
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POLYSTOMOIDES MAGDALENENSIS N. SP. (MONOGENOIDEA: POLYSTOMATIDAE), 
A PARASITE OF BUCCAL CAVITY OF TRACHEMYS CALLIROSTRIS CALLIROSTRIS 
(TESTUDINATA: EMYDIDAE) FROM COLOMBIA 
Carolina Lenis* and Luis Garcfa-Prietot 
Programa de Estudio y Control de Enfermedades Tropicales -PECET. Laboratorio de Malacologia Medica y Trematodos. Laboratorio 730. Torre 2. 
Calle 62 N° 52-59. Universidad de Antioquia, Medellin, Colombia. e-mail: gprieto@ibiologia.unam.mx 
ABSTRACT: Polystomoides magdalenensis n, sp, is described from the buccal cavity of the Colombian slider Trachemys callirostris 
callirostris (Gray, 1856) in the middle of Magdalena River drainage, Colombia. The new species is characterized by a combination of 
traits, i,e" 29-35.genital spines, outer and inner hamuli length (123-150 and 54-63, respectively), testis size (261.4-554,5 X 388,2-
768.4), marginal hook lengths (45-51), and pharynx length (150-333), as well as testis length/oral sucker length, testis length/pharynx 
length, and testis width/pharynx width ratios, This is the first species described from turtles in Colombia and the fifth reported in 
chelonians from South America, 
Polystomoides Ward, 1917 includes 31 species distributed 
worldwide; 8 species of this genus have been described from 
American freshwater turtles: 4 of them from North America, 
namely P. coronatum (Leidy, 1888); p, multifalx Stunkard, 1924; 
p, oris Paul, 1938; and P. pauli Timers and Lewis, 1979; and 4 
species from South America: P. uruguayensis Mane-Garzon and 
Gill, 1961; P. fuquesi Mane-Garzon and Gill, 1962; P. rohdei 
Mane-Garzon and Holeman-Spector, 1968; and p, brasiliensis 
Vieira, Novelli, Sousa and SouzaLima, 2008 (Table I). To date, 
there are no records of monogeneans parasitizing chelonians from 
Central America to Colombia (Kohn and Cohen, 1998; Cohen 
and Kohn, 2008). 
In the present study, we describe the first species of this group, 
representing a new species of Polystomoides, associated with the 
Colombian slider Trachemys callirostris callirostris (Gray, 1856) 
in the middle of Magdalena River drainage. This endemic 
freshwater turtle has populations in Lake Maracaibo in Venezuela 
and in northern Colombia, where it has been listed as near 
threatened (Castano-Mora, 2002). Its habitat preferences include 
slowly flowing lotic or len tic waters (Bock et aI., 2008). 
MATERIALS AND METHODS 
Live monogeneans were collected from the buccal and cloacal cavities of 
52 specimens of T. c, callirostris between 2007 and 2008, from 3 localities 
in the Depresi6n Momposina, North Colombia: Coyongal (08 D 55'1l"N, 
74°29'25"W), Mompox (09 D I4'40"N, 74°25'29"W) (Departamento de 
Bolivar), and Ricaurte (09°7'T'N, 74°11' 40"W) (Departamento del 
Magdalena). Turtles were caught by local hunters, killed by an overdose 
of pentobarbital sodico, and examined for helminths by standard 
procedures within a few minutes of death. Parasites were fixed at room 
temperature with AF A, stained with Meyer's paracarmine, and secured in 
Canada balsam for examination as whole mounts. Measurements are 
given as ranges in micrometers, with mean ± standard deviation in 
parentheses. Figures were drawn using a camera lucida (Alphaphot2 YS2, 
1.25x Nikon, Tokyo, Japan). Type specimens were deposited in the 
Colecci6n de Trematodos de la Universidad de Antioquia (CTUA); 
Laboratorio de Malacologia Medica y Trematodos, Medellin, Colombia; 
and Colecci6n Nacional de Helmintos (CNHE), Instituto de Biologia, 
Universidad Nacional Aut6noma de Mexico, Mexico City, 
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DESCRIPTION 
Polystomoides magdalenensis n. sp. 
(Figs. 1-4) 
Measurements based on 13 adult specimens (1 holotype and 12 para-
types): Body elongate, oval, 1.60-3.10 (2.40 ± 69) in length by 775-1,157 
(l ,114 ± 244) in width at level of vaginal apertures, Haptor round, 840-
1,469 (1,159 ± 199) in length by 1.02-1.57 (1.29 ± 199) in width. Three 
pairs of cup-like haptoral suckers of type 2 (sensu Pichelin, 1995), 301-451 
(362 ± 54) in length by 316-554 (437 ± 82) in width, Hamuli 2 pairs: inner 
pair 54-63 (57 ± 3) in length (n = 6), outer pair 123-150 (137 ± 12) in 
length (n = 6). Marginal hooks 16, ventral, of similar shape and size, 21-
27 (25 ± 2) in length (n = 10); I marginal hook in interior of each haptor 
sucker. Mouth subterminal, ventral. Oral sucker 166-428 (220 ± 81) in 
length by 317-483 (392 ± 76) in width, Pharynx oval, 158-333 (249 ± 66) 
in length by 238-428 (333 ± 60) in width; esophagus short. Intestine 
bifurcate, not confluent posteriorly; caeca without diverticula, extending 
to near anterior margin of haptor; ends not contiguous. Common genital 
pore median, posterior to intestinal bifurcation; genital bulb 143-238 (188 
± 35) long by 158-309 (215 ± 45) wide, Genital coronet with 29-35 curved 
spines, similar in size, 45-51 (48 ± 2,5) long. Testis oval, wider than long, 
261-554 (454 ± 109) by 388-768 (554 ± 116); median, postovarian, and 
prequatorial; with entire margin in contact with intestinal caeca. Ovary 
pre-testicular, submedian, dextral, 79-238 (131 ± 51) in length. Uterus 
pretesticular, large, and containing I egg, Ootype short, not opposite 
ovary, confined between ovary and testis, Two ventral vaginal apertures, 
opening near lateral margins of body, extra-caecal, at level of anterior 
margin of testis. Vitellaria follicular, extend from mid-pharyngeal level to 
anterior margin of haptor, surrounding intestinal caeca. Eggs ovoid, 166-
246 (219 ± 27) in length by 150-214 (176 ± 20) in width, 
Taxonomic summary 
Type host: Trachemys callirostris callirostris (Gray, 1856) (Testudinata: 
Emydidae), 
Site of infection: Buccal cavity (52 hosts); incidentally in cloaca (I turtle), 
Type locality: Coyongal (08°55' II"N, 74°29'25"W), Rio Magdalena, 
Departamento de Bolivar, Colombia. 
Date of collection: February 2007, 
Other localities: Mompox (09°14'40"N, 74°25'29"W) (Departamento de 
Bolivar); Ricaurte (09° 7'T'N, 74°11'40"W) (Departamento del Magda-
lena), Colombia. 
Prevalence: Coyongal: 65,6%; Mompox 100%; Ricaurte 60%, 
Intensity of infection: Coyongal 3,38 ± 2.63; Mompox 2.66 ± 2.08; 
Ricaurte 4.11 ± 2,53. 
Type specimens: Holotype: CTUA (116.10.001); paratypes: CNHE 
(6470-71); CTUA (116.02-116,09), 
Etymology: The specific name refers to the Magdalena River, where the 
hosts were collected. 
Remarks 
Polystomoides magdalenensis n. sp. can be distinguished from 18 of the 
31 species included in this genus because they have smaller or greater 
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TABLE 1. Nominal species of the genus Polystomoides parasitizing freshwater turtles worldwide. 
Polystomoides spp. Host* 
Genital spines 
number 
Original 
distribution Reference 
P. asiaticus Rohde, 1965t 
P. australiensis Rohde and Pearson, 1980t 
P. bourgati Combes and Kulo, 1978t§ 
P. brasiliensis Vieira, Novelli, Sousa and 
Cuora amboinensis 
Emydura maequarii krefftii 
Pelusios castaneus 
Hydromedusa maximiliani 
34--40 
67-97 
26--29 
8,9 
Malaysia Rohde (1965) 
Australia Pichelin (1995) 
Togo Combes and Kulo (1978) 
Brazil Vieira et al. (2008) 
SouzaLima, 200811 
P. chabaudi Euzet and Combes, 1965§ 
P. chauhani Pandey and Agarwal, 1980§ 
P. coronatum (Leidy, 1888) II 
Pelomedusa subrufa 
Hardella thurjii 
Terrapin (Emys sp.?) 
Cyclemys dentata 
Phrynops hillarii 
31-36 
40 
14--40 
32 
2 
Madagascar Euzet and Combes (1965) 
India Pandey and Agarwal (1980) 
U.S.A. Price (1939) 
Philippines Fischthal and Kuntz (1964) 
Uruguay Mane-Garzon and Gil (1961) 
P. cyclemydis Fischthal and Kuntz, 1964# 
P. fuquesi Mane-Garzon and Gil, 1961 t 
P. godavarii Rao, 1975§ Pangshura tentoria tentoria 64-66 India Rao (1975) 
P. japonicum Ozaki, 193511 ~ 
P. kachugae Stewart, 1914§ 
P. ludhianae Gupta and Randev, 1974§ 
P. malayi Rohde, 1963§ 
P. megaovum Ozaki, 1936§ 
P. microrehis Fukui & Ogata, 193611 
P. multifalx Stunkard, 1924t 
P. nabedei Kulo, 1980§ 
P. oeadiae Fukui and Ogata, 1936§ 
P. ocellatum (Rudolphi, 1819)~ 
P. oris Paul, 193811 
P. pauli Timmers and Lewis, 197911 
P. platynotae Combes and Rhode, 197911 
P. renschi Rohde, 1965t 
P. rohdei Mane-Garzon and Hollman-Spector, 
196811 
P. scottae Pichelin, 1995t 
P. siebenroekiellae Rohd~, 1965§ 
P. simhai Rao, 1975§ 
P. stewarti Pandey, 1973§ 
P. tunisiensis Gonzalez and Mishra, 1977t II ~ 
P. uruguayensis Mane-Garzon and Gil, 196211 
Mauremys japonica 
Kaehuga kachuga 
Pangshura tecta 
Cuora amboinensis 
Geoemyda spengleri 
Mauremys sinensis 
Pseudemys concinna 
Pelomedusa subrufa 
Mauremys sinensis 
Emys orbicularis 
Chrysemys pieta 
Chrysemys picta 
Notochelys platynota 
Siebenroekiella crassicollis 
Traehemys dorbigni 
Maerochelodina expansa 
Siebenrockiella crassicollis 
Pangshura tecta 
Hardella thurjii 
Mauremys caspiea 
Phrynops hillarii 
* Scientific names of hosts were updated following Fritz and Havas (2007). 
t Pharyngeal cavity. 
t Accessory bladders. 
§ Urinary bladder. 
II Mouth. 
# Intestine . 
• ; Esophagus. 
number of genital spines (ranging from 2 in P. fuquesi to 120-124 in P. 
multifalx vs. 29-35 in our specimens). In addition, IS of the 18 species 
inhabit urinary or accessory bladders (instead of buccal cavity), and the 
remaining 3 are distributed in a different geographic realm (Table I). 
Thirteen species of Polystomoides have a similar number of genital 
spines to those found in the new species; however,S of them (P. bourgati 
Combes and Kulo, 1978; P. chabaudi Euzet and Combes, 1965; P. nabedei 
Kulo, 1980; P. stewarti Pandey, 1973; and P. eyelemydis Fischthal and 
Kuntz, 1964) differ from P. magdalenensis by infecting the urinary bladder 
or intestine of hosts. Moreover, the first 3 species can be distinguished 
from the Colombian species by the size, number, and distribution of 
vitelline follicles and by the outer and inner hamuli size (257-314 and 
80-90 in P. bourgati; 250-310 and 70-100 in P. chabaudi; 294-344 and 92-
lSI in P. nabedei vs. 123-150 and 54-63 in P. magdalenensis). 
Polystomoides stewarti possesses a testis larger than wide with irregular 
margins, while in the new species, the testis is wider than long and has 
entire margins. Finally, P. cyclemydis can be differentiated from the new 
species by the outer and inner hamuli size (32-47 and 72-91 vs. 54-63 and 
123-150, respectively), and by marginal hooks' length (13-32 vs. 45-51, 
respectively). 
31-39 Japan Ozaki (1935) 
40 India Stewart (1914) 
54-64 India Gupta and Randev (1974) 
57-83 Malaysia Rohde (1963) 
12-14 Japan Ozaki (1936) 
42-47 Taiwan Fukui and Ogata (1936) 
120-124 U.S.A. Stunkard (1924) 
36-39 Togo Kulo (1980) 
46--59 Taiwan Fukui and Ogata (1936) 
40 Europe Stewart (1914); Ozaki (1935) 
24-28 U.S.A. Paul (1938) 
36-49 U.S.A. Timmers and Lewis (1979) 
27-30 Malaysia Combes and Rohde (1979) 
15-20 Malaysia Rohde (1965) 
29-32 Uruguay Mane-Garzon and Hollcman-
Spector (1968) 
68-79 Australia Pichelin (1995) 
45-56 Malaysia Rohde (1965) 
60 India Rao (1975) 
36 India Pandey (1973) 
26-28 Tunisia Gonzalez and Mishra (1977) 
8-10 Uruguay Mane-Garzon and Gil (1962) 
The remaining 8 species inhabit the anterior region of the digestive tract, 
i.e., mouth, pharynx, and esophagus, as does the new species. However, 3 
of these species are found in Asia (P. asiaticus Rohde, 1965; P. japonicum 
Ozaki, 1935; and P. platynotae Combes and Rhode, 1979), and another 
species (P. tunisiensis Gonzalez and Mishra, 1977) is found in Africa. 
Likewise, the armature of the genital bulb of P. asiatieus, P. platynotae, 
and P. magdalenensis differ markedly. In P. asiaticus, the genital hooks are 
of 2 types, with distinct size and arrangement (1-3 small hooks between 
each pair of large hooks vs. genital hooks of homogeneous size in the 
Colombian species). In P. platynotae, the genital hooks are larger (60-70 
vs. 45-51) and the outer hamuli are smaller (100-108 vs. 123-150, 
respectively) than in the new species. Polystomoides tunisiensis is 
characterized by having short intestinal caeca (reaching the preovarian 
region) and massive vitelline follicles. In the new species, the intestinal 
caeca extend to near the anterior margin of the haptor and the vitelline 
follicles are small. 
Two morphometric traits allow for the differentiation of P. 
magdalenensis and P. japonicum, i.e., testis length and width (261-554 
X 388-678 vs. 850-900 X 650-700, respectively), and length of pharynx 
(150-333 vs. 350-400, respectively), as well as the ratios between these 
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FOUR NEW SPECIES OF LlGOPHORUS (MONOGENEA: DACTYLOGYRIDAE) PARASITIC 
ON MUGIL LlZA (ACTINOPTERYGII: MUGILIDAE) FROM GUANDU RIVER, 
SOUTHEASTERN BRAZIL 
Vanessa D. Abdallah, Rodney K. de Azevedo, and Jose L. Luque* 
Departamento de Parasitologia Animal & Curso de P6s-Gradua<;:ao em Ciencias Veterinarias, Universidade Federal Rural do Rio de Janeiro, 
Caixa Postal 74.508, Seropedica, Brazil, CEP: 23851-970. e-mail: jlluque@ufrrj.br 
ABSTRACT: Four species of Ligophorus (Monogenea: Dactylogyridae), i.e" L. tainhae n, sp., L. brasiliensis n. sp" L. guanduensis n, sp" 
and L. lizae n. sp., are described. The specimens were collected from the gills of Mugil liza (Mugilidae) from the Guandu River 
(22°4S'32"S, 43°37'35"W), State of Rio de Janeiro, Brazil, between January 200S and March 200S. The male copulatory organ of L. 
tainhae n. sp. differs from the all known species of this genus in having the largest accessory piece, the length of accessory piece 
exceeding the length of the copulatory organ tube, and the distal tip of the lower lobe crossing the upper lobe. Ligophorus brasiliensis n. 
sp. and L. guanduensis n. sp, have a similar shape of the accessory piece, but in L. guanduensis n, sp, the lower lobe is larger than the 
upper lobe (as opposed to L. brasiliensis n, sp,), the ratio between length of upper lobe and the length of the proximal part of the 
accessory piece before the bifurcation is shorter and the distal tip of the lower lobe extends to the level of the upper lobe (in L. 
brasiliensis n, sp. the distal tip oflower lobe crossing the upper lobe). In L. lizae n. sp" the terminal bifurcations of the accessory piece 
are equal in length and unequal in the other 3 new species, Species of Ligophorus are recorded for the first time from BraziL 
Ligophorus Euzet & Suriano, 1977 comprises 29 species 
parasitic on mugilid fishes, The currently known species of 
Ligophorus have been recorded from an area restricted to north 
Atlantic, the Mediterranean Basin, off the coasts of northwestern 
Pacific, and the Pacific coast of South America (Bychowsky, 
1949; Euzet and Suriano, 1977; Zhang and Ji, 1981; Euzet and 
Sanfilippo, 1983; Fernandez, 1987; Wu et aI., 1991; Hu and Li, 
1992; Dmitrieva et aI., 1996; Pan, 1999; Yang, 2001; Miroshni-
chenko and Maltsev, 2004; Sarabeev and Balbuena, 2004; 
Sarabeev et aI., 2005; Rubtsova et aI., 2006, 2007; Dmitrieva et 
aI., 2007), According to Dmitrieva et aL (2007), this area is 
spatially smaller than the natural distribution of the mugilid 
hosts. Because all mugilids studied to date have been infected with 
more than 1 species of Ligophorus, it is natural to assume that this 
genus is far more diverse than currently described; Therefore, 
investigations of other geographical regions and mugilid species 
should further increase provide additional information regarding 
species diversity in this genus. Here, we described four 4 new 
species of Ligophorus of Mugilliza Valenciennes, 1836 from the 
Guandu River, State of Rio de Janeiro, BraziL 
MATERIALS AND METHODS 
Fifteen specimens of M. liza were collected from the Guandu river 
(22°4S'32"S, 43°37'35"W), State of Rio de Janeiro, Brazil, between 
January 200S and March 200S. The fish measured 37.3 (29.0-4S.0) cm 
in standard length. The monogeneans were removed from the gills of the 
hosts and placed in vials containing a 1 :4.000 (0.025%) solution of 
formalin. After 1 hr, the vials were shaken and additional formalin was 
added to increase the concentration to 5%. Some parasites were stained 
with Gomori's trichrome and mounted in Canada balsam; other 
specimens were mounted in Gray and Wess' medium (Humason, 1979) 
for study of sclerotized structures. 
Sclerotized structures were measured by 25 characters as defined Euzet 
and Suriano (1977) and Rubtsova et aL (2007). Dimensions of soft internal 
organs and body represent their largest measurement. The following 
abbreviations for the characters are used throughout the text: BL, body 
length; BW, body width; V AA, ventral anchor total length; V AB, ventral 
anchor main part length; VAC, ventral anchor outer root length; V AD, 
ventral anchor inner root length; V AE, ventral anchor point length; V AF, 
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ventral anchor shaft length; DAA, dorsal anchor total length; DAB, dorsal 
anchor main part length; DAC, dorsal anchor outer root length; DAD, 
dorsal anchor inner root length; DAE, dorsal anchor point length; DAF, 
dorsal anchor shaft length; UTL, uncinulus total length; USHL, uncinulus 
shaft length; USL, uncinulus sickle length; VBL, ventral bar length; VBAP, 
distance between membranous anterior processes (protuberances) of ventral 
bar; DBL, dorsal bar length; PAPL, penis accessory piece total length; 
PAPUL, penis accessory piece distal portion of upper lobe length; PAPUW, 
penis accessory piece distal portion of upper lobe width; PAPSHL, penis 
accessory piece upper lobe shaft length; PAPLL, penis accessory piece lower 
lobe length; PL, total length of penis; VL, vagina length; PhL, pharynx 
length; PhW, pharynx width; TL, testis length; TW, testis width; OL, ovary 
length; OW, ovary width; HL, haptor length; HW, haptor width. 
Measurements are given in micrometers as mean ± standard deviation, 
with the range in brackets and the number of specimens measured for each 
character in parentheses. The illustrations were made with the aid of a 
drawing tube mounted on a Hund Wetzlar H-600 phase contrast microscope 
(magnification xlOx20 for the body and xlOxlOO [under immersion oil] 
for sclerotized structures and internal organs). Measurements were made 
with the use of software Motic Images Plus® 2.0. Photographs of the 
sclerotized structures were made using an Olympus BX-51 phase contrast 
microscope. Type specimens are deposited in the Helminthological 
Collection of the Institute Oswaldo Cruz (CHIOC), Rio de Janeiro, BraziL 
RESULTS 
DESCRIPTIONS 
Ligophorus tainhae n. sp. 
(Figs. 1, 2A-C) 
Diagnosis (based on 20 whole mounts; morphometric measure-
ments of sclerotized structures are presented on Table I): Body 
748.2 ± 87.8 [620-810) (20) long; maximum width 127.9 ± 18.2 
[105-145) (20). Cephalic region moderate; 1 terminal and 2 
bilateral cephalic lobes; cephal,ic glands indistinct, posterolateral 
to pharynx, Each eye with conspicuous lens. Pharynx sub-
spherical 42.3 ± 1.7 [40-45) (10) long, 39.6 ± 0.6 [38-41) (10) 
wide. Testis 56.5 ± 7.6 [43-70) (5) long, 48.4 ± 2.8 [30-56) (5) 
wide, ovate to pyriform; seminal vesicle tapered, posteromedial to 
penis; prostatic reservoir pyriform. Male copulatory organ 
consists of tubular penis with well-developed heel, ratio between 
length of tube and total length of accessory piece = 1.25 ± 0.02 
[1.23-1.26) (10), ratio between length of upper lobe and length of 
proximal part of accessory piece before bifurcation = 0.9 ± 0.01 
[0.8-1.0) (10). Lower lobe elongate, bowed, concave, along upper 
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= 5.1 ± 0.2 [4.9-5.3], sclerotized median process with upper 
border conical between them. Dorsal anchor similar to ventral, 
but with total length slightly longer and larger ratio between inner 
and outer roots (DADIDAC = 2.5 ± 0.1 [2.3-2.7] [15]). Dorsal 
transversal bar bowed, connects dorsal anchors. All 14 uncinuli 
similar in shape and size with straight shaft and sickle. Filament 
loop close to distal third of shaft. 
Taxonomic summary 
Type host: Mugilliza Valenciennes, 1836, Liza. 
Site of infection: Gill lamellae. 
Type locality: Guandu River (22°48'32/1S, 43°37'35/1W), State of 
Rio de Janeiro, Brazil. 
Specimens deposited: Holotype CHIOC 37179a, Paratypes 
CHIOC 37179b-d. 
Etymology: The specific name tainhae refers to Brazilian 
vernacular name (tainha) of mugilid fishes. 
Remarks 
The male copulatory organ of Ligophorus tainhae n. sp. differs 
from those of all known species of this genus, in having the largest 
accessory piece, with the length of the accessory piece exceeding the 
length of the copulatory organ tube and the distal tip of the lower 
lobe crossing the upper lobe. Among the 29 species of Ligophorus, 
L. domnichi Rubtsova et aI., 2007, which parasitizes Mugil cephalus, 
seems the most similar to L. tainhae in the shape of both the 
copulatory organ and the haptoral structures. In addition to the 
above-mentioned characteristics, the latter can be distinguished by 
the following: greater length of the main part (V AB, DAB), greater 
length of the shaft of both anchors, greater lengths of both bars, 
greater total length of the penis accessory, greater length of the 
distal portion of the upper lobe of the penis accessory, greater width 
of the upper lobe of the distal portion of the penis accessory, greater 
length of the upper lobe shaft of the penis accessory piece, and 
greater lower lobe length of the penis accessory. Ligophorus 
pacificus Rubtsova et aI., 2007, L. cephali Rubtsova et aI., 2006, 
L. pilengas Sarabeev & Balbuena, 2004, L. gussevi Miroschnichenko 
& Maltsev, 2004, and L. chenzhenensis Hu & Li, 1992, have 
accessory pieces shaped with unequal distal bifurcations, and a long 
shaft of the upper lobe resembling that of L. tainhae. The latter 
differs from all these species in the larger main part length and the 
shaft length of both anchors (V AB, DAB) and both bars. 
Additionally, in L. pacificus and L. cephali, the upper lobe of the 
accessory piece is longer than the lower lobe, and expanded. 
Moreover, in L. pilengas, L. gussevi, and L. chenzhenensis, there is a 
shorter distance between membranous anterior processes. The new 
species also differs greatly from other species in the shape and size of 
both the haptoral structure and the copulatory organ. 
Ligophorus brasiliensis n. sp. 
(Figs. 20-F, 3A-G) 
Diagnosis (based on 15 whole mounts; morphometric measure-
ments of sclerotized structures are presented on Table I): Body 
710.9 ± 117.9 [699-854] (15) long; maximum width 140.6 ± 31.8 
[110-185] (15) at level of gonads. One terminal and 2 bilateral 
cephalic lobes. Each eye with lens. Pharynx subspherical38.9 ± 5.1 
[33-45] (12) long, 35.6 ± 5.4 [31-42] (12) wide. Testis 50.2 ± 4.1 [45-
ABDALLAH ET AL.~FOUR NEW SPECIES OF LlGOPHORUS 859 
55] (5) long, 35.0 ± 3.5 [30-40] (5) wide. Male copulatory organ 
consists of tubular penis with well-developed heel, opening on top of 
distal part of accessory piece, ratio between length of tube and total 
length of accessory piece = 2.12 ± 0.02 [2.10-2.14] (10), ratio 
between length of upper lobe and length of proximal part of 
accessory piece before bifurcation = 0.77 ± 0.01 [0.75-0.78] (10). 
Lower lobe moderately elongate, bowed, concave, along upper lobe, 
shorter than latter, distal tip oflower lobe bifurcate, crossing upper 
lobe. Upper lobe tubular, thin walled, with triangular expansion at 
proximal part, ratio between penis accessory piece distal portion of 
upper lobe length and penis accessory piece lower lobe length = 1.45 
± 0.02 [1.43-1.47] (10). Ovary 53.5 ± 8.9 [43-65] (8) long, 38.2 ± 6.1 
[34-48] (8) wide, U-shaped. Vagina long, thin, winding, sclerotized, 
leading to ovate seminal receptacle. Vitelline follicles dense. 
Peduncle broad, long, tapering posteriorly; haptor sub-hexagonal 
67.0 ± 5.1 [59-71] (12) long, 95.5 ± 13.8 [82-116] (12) wide armed, 
with 14 uncinuli, 2 pairs of anchors, 2 transverse bars. Ventral 
anchor with inner root longer and heavier than outer root (V AD/ 
VAC = 2.7 ± 0.1 [2.6--3.0] [12]); point longer than outer root; 
arched blade bent at middle. Base markedly thicker than blade, 
separated by notch; filament present. Ventral anchors connected by 
transverse ventral bar. Ventral bar straight with 2 membranous 
protuberances closely located medially, distance between 2 mem-
branous process = 2.7 ± 0.2 [2.5-2.9], sclerotized median process 
with upper border conical between them. Dorsal anchor similar to 
ventral, but with total length smaller, much smaller ratio between 
inner and outer roots (DADIDAC = 1.7 ± 0.07 [1.6--1.8] [12]) and 
different in shape of blade, which bent at distal half. Dorsal 
transversal bar slightly bowed, connects dorsal anchors. All 14 
uncinuli similar in shape and size with straight shaft and sickle. 
Filament loop close to distal third of shaft. 
Taxonomic summary 
Type host: Mugilliza Valenciennes, 1836, Liza. 
Site of infection: Gill lamellae. 
Type locality: Guandu River (22°48'32/1S, 43°37'35/1W), State of 
Rio de Janeiro, Brazil. 
Specimens deposited: Holotype CHIOC 37180a, Paratypes 
CHIOC 37180b-d. 
Etymology: The specific name brasiliensis refers to the country 
that includes the type-locality. 
Remarks 
Among the 29 species of Ligophorus, L. cheleus Rubtsova et aI., 
2007, which parasitizes Mugil cephalus, seems to be the most 
similar to L. brasiliensis n. sp. in the shape of both the copulatory 
organ and the haptoral structures. The latter can be distinguished 
by the larger total length of the ventral anchor, the length of the 
ventral anchor point, the length of the main part of the dorsal 
anchor (DAB), the length of hoth bars, the total length of the 
penis accessory piece, the length of the distal portion of the upper 
lobe of the penis accessory piece, the length of the upper lobe of 
the penis accessory piece, the length of the lower lobe of the penis 
accessory, and the shape of the ventral bar. Ligophorus angustus 
Euzet and Suriano, 1977 and L. szidat Euzet and Suriano, 1977 
have an accessory piece with practically equal distal bifurcations 
resembling that of L. brasiliensis. The latter differs from these 
species in its greater total ventral anchor length, greater length of 
the outer and inner root of the ventral anchor, greater length of 
860 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.4, AUGUST 2009 
A 
B c 
J 
D E K L 
F M 
N 
FIGURE 3. Haptor and genital sclerotized structures of Ligophorus brasiliensis n. sp. (A-G) and Ligophorus guanduensis n. sp. (H-N). A, H. Male 
copulatory complex: penis and accessory piece. B, 1. Uncinulus. C, J. Vaginal armament. D, K. Dorsal anchors. E, L. Ventral anchors. F, M. Ventral 
bars. G, N. Dorsal bars. 
I R 4. lerotizcd tructure 
D. Male c pula tory c mple . B, . 
th out r ro t of the dor al anch r gr at r length of b th bar , 
great r t tal I ngth of th peni and agina and in th hap of 
th entral bar. Li ophoru bra ilien i differ greatly fr m th 
r maining p ie in the hap and iz f both the haptoral 
tru ture and th c pulatory rgan . 
Ligophorus guanduensis n. sp. 
(Figs. 3H- N, 4A- C) 
Diagno i (ba ed 011 15 whole mount . morphometric mea ure-
ment of cl roti:::ed tructure are pre ented on Table I): Body 
662. ± 157.7 [5 4 ] (15) long; maximum width 133.9 ± 23.9 
[II 16] (15) at gonad Ie el. n t rminal and 2 bilat ral 
phaJi lob . a h e with len. Pharyn pherical 27.5 ± 4.2 
ABDALLAH ET AL.- FOUR NEW SPECIES OF LlGOPHORUS 861 
LlClndLlell is n. p. ( - ) and LigophorLls Ih le n. p. ( F). , 
r . Bar = 10 !-1m. 
[25 35] (10) lng, 27 .6 ± 3.9 [20- 0] (10) wid. T ti 47.2 ± 4.7 
[4 51] (5) I ng 34.0 ± 2. [29- 37] (5) ide. Male c pulat r 
rgan on i t of tubular p ni with w ll-d lop d heel ratio 
betwe n I ngth of tub and t tal I ngth of acee ry pie = 2.11 
± .01 [2.09 2.13] (10) ratio \j tween I ngth of upp r lobe and 
length of pr imal part f acc ory pi e b D r bifurcation = 
0.6 ± 0.0 I [0.67- 0.69] (10). Lower I be m d rately elongate 
b wed conca e along upp r lob larger than latt r di tal tip of 
I r lobe e t nding t I I of upp rib. pp r lob tubular, 
thin wall d ratio b tw n p ni acce ory piec di tal portion of 
upp r lob I ngth and p ni ace ory pi c lower lob length = 
0.9 ± 0.0 I [0.97 0.99] (10). ar 50.1 ± 5.4 [42- 55] (6) lng, 
34.6 ± 2.5 [ 3] (6) wide - hap d. Vagina I ng thin winding 
r c il d ler tiz d, lading t 0 ate minal r eptacl. Vitelline 
862 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.4, AUGUST 2009 
S 
:::t 
= M 
B 
D 
c 
E 
F 
G 
follicles dense. Peduncle broad, long, tapering posteriorly; haptor 
sub-hexagonal 63.2 ± 4.7 [58-71] (13) long, 116.2 ± 6.2 [111-127] 
(13) wide armed, with 14 uncinuli, 2 pairs of anchors, 2 transverse 
bars. Ventral anchor with inner root longer and heavier than 
outer root (V ADIV AC = 1.5 ± 0.05 [1.3-1.6] [13]); arched blade 
bent at distal third. Base markedly thicker than blade, separated by 
notch; filament present. Ventral anchors connected by transverse 
ventral bar. Ventral bar bowed with 2 membranous protuberances, 
distance between 2 membranous process = 5.5 ± 0.2 [5.5-5.7], 2 
sclerotized anterior processes widely spread apart. Dorsal anchor 
similar to ventral, but with total length smaller and with larger ratio 
between inner and outer roots (DAD/DAC = 1.8 ± 0.2 [1.5-2.0] 
[13]). Dorsal transversal bar bowed, connects dorsal anchors. All 14 
uncinuli similar in shape and size with straight shaft and sickle. 
Filament loop close to proximal third of shaft. 
Taxonomic summary 
Type host: Mugilliza Valenciennes, 1836, Liza. 
Site of infection: Gill lamellae. 
Type locality: Guandu River (22°48'32"S, 43°37'35"W), State of 
Rio de Janeiro, Brazil. 
Specimens deposited: Holotype CHIOC 37181a, Paratypes 
CHIOC 37181b-d. 
Etymology: The specific name guanduensis refers to the type 
locality. 
Remarks 
Ligophorus cephali Rubtsova et aI., 2006, which parasItIzes 
MugU cephalus, seems the most similar to L. guanduensis n. sp. in 
the shape of both the copulatory organ and haptoral structures. 
The latter can be distinguished by the greater length of main part 
of the ventral anchor (V AB), greater length of both bars, greater 
total length of the penis accessory piece, and greater total length 
of the penis and vagina. In L. domnichi Rubtsova et aI., 2007, L. 
pacificus Rubtsova et aI., 2007, L. gussevi Miroschnichenko & 
Maltsev, 2004, L. pilengas Sarabeev & Balbuena, 2004, and L. 
chenzhenensis Hu & Li, 1992, the accessory pieces have unequal 
distal bifurcations and the long shaft of the upper lobe resembles 
that of L. guanduensis. The latter differs from all these species in 
the greater length of the dorsal bar and the greater total length of 
the penis. The new species differs from L. domnichi, L. pacificus, 
and L. gussevi in the lower lobe of the accessory piece, which is 
longer than the upper lobe, from L. pilengas in the shape of the 
upper lobe, and from L. chenzhenensis in the shape of the median 
process between membranous anterior processes. Ligophorus 
guanduensis differs greatly from remaining species in the shape 
and size of both the haptoral structure and the copulatory organ. 
Ligophorus brasiliensis and L. guanduensis have a similar shape 
of the accessory piece. However, in L. guanduensis, the lower lobe 
is larger than the upper lobe (as opposed to L. brasiliensis), the 
ratio between the length of upper lobe and the length of proximal 
part of accessory piece before bifurcation is shorter, and the distal 
FIGURE 5. Haptor and genital sci erotized structures of Ligophorus lizae 
n. sp. (A) Male copulatory complex: penis and accessory piece. (B) 
Uncinulus. (C) Vaginal armament. (D) Dorsal anchor. (E) Ventral anchor. 
(F) Ventral bar. (G) Dorsal bar. 
tip of the lower lobe extends to the level of the upper lobe (in L. 
brasiliensis, the distal tip of the lower lobe crosses the upper lobe). 
Ligophorus lizae n. sp. 
(Figs. 40-F, 5) 
Diagnosis (based on 15 whole mounts; morphometric measure-
ments of sclerotized structures are presented on Table I): Body 
756.2 ± 72.2 [677-821] (15) long; maximum width 152.7 ± 13.5 
[138-165] (15) at level of gonads. Two bilateral cephalic lobes. 
Each eye with lens. Pharynx spherical 34.3 ± 10.6 [24--45] (12) 
long, 30.3 ± 8.3 [22-38] (12) wide. Testis 58.9 ± 5.9 [54-66] (8) 
long, 28.9 ± 1.9 [26--31] (8) wide. Male copulatory organ consists 
of tubular penis with well-developed heel, opening at distal end of 
accessory piece, ratio between length of tube and total length of 
accessory piece = 2.5 ± 0.02 [2.3-2.7] (10), accessory piece 
bifurcates into 2 equal parts. Ovary 70.6 ± 5.9 [65-78] (8) long, 
31.8 ± 6.0 [27-39] (8) wide, V-shaped. Vagina long, thin, winding, 
sclerotized, leading to ovate seminal receptacle. Vitelline follicles 
dense. Peduncle broad, long, tapering posteriorly; haptor sub-
hexagonal 66.8 ± 10.4 [56--77] (15) long, 92.0 ± 15.7 [77-109] (15) 
wide armed, with 14 uncinuli, 2 pairs of anchors, 2 transverse 
bars. Ventral anchor with inner root longer and much heavier 
than outer root (V ADN AC = 3.0 ± 0.3 [2.7-3.6] [14]); point 
longer than outer root; arched blade bent at middle. Base 
markedly thicker than blade, separated by notch; filament 
present. Ventral anchors connected by transverse ventral bar. 
Ventral bar straight with 2 membranous protuberances closely 
located medially, distance between two membranous process = 
5.5 ± 0.3 [5.1-5.7], sclerotized median process with 2 anterior 
protuberances between them. Dorsal anchor similar to ventral, 
slightly smaller in total length, smaller ratio between inner and 
outer roots (DADIDAC = 1.8 ± 0.07 [1.6-1.9] [14]) ~nd different 
in shape of blade, which bends at distal half. Dorsal transversal 
bar bowed, connects dorsal anchors. All 14 uncinuli similar in 
shape and size with straight shaft and sickle. Filament loop close 
to middle of shaft. 
Taxonomic summary 
Type host: Mugilliza Valenciennes, 1836, Liza. 
Site of infection: Gill lamellae. 
Type locality: Guandu river (22°48'32"S, 43°37'35"W), State of 
Rio de Janeiro, Brazil. 
Specimens deposited: Holotype CHIOC 37178a, Paratypes 
CHIOC 37178b. 
Etymology: The specific name lizae refers to the specific name 
of the type-host species. 
Remarks 
Ligophorus llewellyni Dmitrieva et aI., 2007, which parasitizes 
Liza haematocheilus, seems the most similar to L. lizae n. sp. in the 
shape of both the copulatory organ and the haptoral structures. 
The latter can be distinguished by its greater total length of the 
ventral anchor, greater length of the ventral and dorsal anchors, 
greater length of the ventral and dorsal anchor points, greater 
total length of the uncinulus, greater length of the uncinulus shaft, 
greater length of the uncinulus sickle, greater length of both bars, 
greater total length of the penis accessory piece, greater width of 
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the distal portion of the upper lobe of the penis accessory piece, 
greater total length of the penis, and by the shape of the median 
process between the membranous anterior processes. None of the 
other species have the same shape of the accessory piece as the 
new species, with equal distal bifurcations. Ligophorus lizae differs 
greatly from other species in the shape and size of both the 
haptoral structure and the copulatory organ. As opposed to the 
other 3 new species described herein, the terminal bifurcations of 
the accessory piece are equal in length in L. lizae. 
DISCUSSION 
According to Mariniello et al. (2004), the discrimination of 
species of Ligophorus can be achieved on the basis of differences 
in the shape and size of sclerotized parts of the haptor, copulatory 
organ, and vagina. In the present study, main morphological 
differences between L. tainhae, L. brasiliensis, L. guanduensis, and 
L. lizae are based on the shape of the accessory piece of the male 
copulatory organ. These 4 species are the first records of 
Ligophorus in Mugil liza and the first record from Brazilian 
waters. Currently, 2 species of Ligophorus has been recorded in 
South America, i.e., L. huitrempe in M. cephalus from Pacific 
Ocean (Chile) by Fernandez (1987) and L. mugilinus in M. curema 
from Atlantic Ocean (Venezuela) by Fuentes and Nasir (1990). 
Both species possessed several morphological and metric differ-
ences from the new species described here. Ligophorus huitrempe 
can be distinguished from the 4 new species in shape of accessory 
piece and ventral bar, smaller ventral anchor, smaller dorsal 
anchor main part, outer root and point length, and penis total 
length. Ligophorus mugilinus is different from the 4 new species in 
the shape of accessory piece and ventral bar, a much larger 
distance between membranous anterior processes (protuberances) 
of the ventral bar, smaller ventral anchor total length, dorsal 
anchor main part length, and penis accessory piece total length. 
However, the new species are similar to several species in other 
geographic regions: L. tainhae seems similar to L. domnichi and L. 
cheleus from the Japan Sea; L. guanduensis to L. cephali from the 
Mediterranean Sea and Black Sea; and L. lizae to L. llewellyni 
from the Black Sea. Results presented herein show that new 
species of Ligophorus most closely resemble species from 
Mediterranean Basin and off the coasts of northwestern Pacific 
than the species described in South and North America. 
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NEW DACTYLOGYRIDS (MONOGENEA) PARASITIZING THE GILLS OF CATFISHES 
(SILURIFORMES) FROM THE AMAZON RIVER BASIN IN PERU 
Edgar F. Mendoza-Franco and T. Scholz 
Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic, Branisovska 31, 37005 Ceske Budejovice, Czech 
Republic. e-mail: oberon.men@gmail.com 
ABSTRACT: Three dactylogyrid (Monogenea) species are described from the gills of siluriform fishes from the rivers around Iquitos, 
tributaries of the Amazon River in Peru: Demidospermus centromochli n, sp, from Centromochlus heckelii (de Filippi) (Auchenipteridae) 
and Demidospermus macropteri n, sp. and Ameloblastella unapi n, sp, from Calophysus macropterus (Lichtenstein) (Pimelodidae). The 
new species of Demidospermus differ from their congeners in having 2 different hook shapes, Ameloblastella unapi n. sp. differs from the 
other 3 species of the genus in having anchors with an elongate, straight shaft and a short point that forms a 90° angle, a coiled 
(counterclockwise) male copulatory organ with 13-14 rings, and a coiled vaginal tube, Based on the present study, Pseudovancleaveus 
Franya, Issac, Pavanelli, and Takemoto, 2003, is regarded as a junior subjective synonym of Ameloblastella Kritsky, Mendoza-Franco, 
and Scholz, 2000, The finding of Demidoopermus and Ameloblastella spp, on these siluriforms extends our host and geographic 
knowledge of species of these monogenean genera to Peru. 
Investigations on the parasite fauna of freshwater fish in the 
vicinity of Iquitos, from rivers that are tributaries of the Amazon 
River basin in Peru, were done from 2004-2006 by a research 
team from the Institute of Parasitology from the Czech Republic, 
Results of the systematic evaluation of cestodes and nematodes 
have been published (de Chambrier and Scholz, 2005, 2008; de 
Chambrier et aI., 2006; Moravec, Scholz, Dykova et aI., 2006; 
Moravec, Scholz, Kuchta et aI., 2006), The first results of the 
taxonomic evaluation of monogenean parasites are reported in 
the present paper. Monogeneans of freshwater fish in Peru have 
been described from fish of the Characiformes (Characidae, 
Erythrinidae, and Serrasalmidae), Osteoglossiformes (Arapaimi-
dae), Perciformes (Cichlidae), and Siluriformes (Doradidae and 
Pimelodidae) (see Kohn and Cohen, 1998). Herein, 2 new species 
and 1 species of Demidospermus Suriano, 1983 and Ameloblastella 
Kritsky, Mendoza-Franco, and Scholz, 2000, respectively, are 
described from the gills of catfishes (Auchenipteridae and 
Pimelodidae) , 
MATERIALS AND METHODS 
Fish hosts collected from rivers that are tributaries of the Amazon River 
basin in Peru, were purchased between 2004-2006 from a local fish market 
of Belen in Iquitos, Peru or were obtained from local providers of 
ornamental fish, Monogeneans were removed from the gills of freshly 
killed hosts and fixed with a glycerin-ammonium picrate mixture for a 
study of sclerotized structures, then remounted in Canada balsam 
(Malmberg, 1957; Ergens, 1969), Illustrations were made, with the aid 
of a drawing tube, using an Olympus BX51 microscope (Olympus 
Corporation, Tokyo, Japan) with Nomarski interference contrast. 
Measurements, all in micrometers, represent straight-line distances 
between extreme points of the structures measured and are expressed as 
the mean followed by the range and number (n) in parentheses; body 
length includes the haptor, Numbering and distribution of hook pairs 
follows Mizelle (1936; also see Mizelle and Price, 1963), Direction of the 
coil (when present) of the copulatory organ, i,e" counterclockwise, was 
determined using the procedure suggested by Kritsky et aL (1985), Type 
and voucher specimens are deposited in the helminthological collection of 
the Institute of Parasitology, Ceske Budejovice, Czech Republic (IPCAS), 
and in the United States National Parasite Collection, Beltsville, 
Maryland (USNPC), as indicated in the respective descriptions, Scientific 
and common names of hosts are those provided by FishBase (Froese and 
Pauly, 2008), 
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DESCRIPTIONS 
Demidospermus centromochli n. sp. 
(Figs. 1-9) 
Diagnosis (based on 4 specimens): Body contracted, 407 (170-548; 
n = 4) long, with irregular lateral margins; greatest width 88 (65-100; n = 
3) usually at level of testis (Fig, I). Cephalic margin broad; cephalic lobes 
moderately developed; 3 bilateral pairs of head organs; cephalic glands 
distinct. Eyes absent; subspherical eyespot granules scattered throughout 
cephalic region. Pharynx subovate to subspherical 37 (25-47; n = 3) in 
diameter; esophagus inconspicuous or absent. Peduncle broad; haptor 
subhexagonal, 85-100 (n = 3), Anchors similar in shape; each with short 
deep roots, with elongate superficial root, short shaft, moderately elongate 
point (Figs, 3,4); ventral anchor 28 (27-29; n = 8) long, base 15 (14-16; n 
= 8) wide; dorsal anchor 27 (26-28; n = 8) long, base 15 (14-17; n = 8) 
wide. Ventral bar 35 (37-39; n = 4) long, variable in shape, from slightly 
straight to V-shaped, indented medially (Figs, 8,9); dorsal bar V-shaped, 
distance between ends 38 (36-41; n = 4) long (Fig, 6), Hooks similar, each 
with recurved point, delicate throughout, thumb depressed; filamentous 
hooklet (FH) loop approaching shank length (Fig. 7); 14 (13-15; n = 27) 
long, Male copulatory organ (MCO) 31 (30-34; n = 3) long. a sigmoid 
tube, base with delicate margin, 2 sclerotized flaps, Accessory piece 29 (28-
31; n = 4) long, an elongate cone with basal opening anteriorly (Fig, 2). 
Vaginal aperture sinistral; vaginal vestibule with ridges in posterior wall 
(Fig, 5). Gonads in tandem, germarium 26 long. 22 wide; testis 12 long; 
seminal vesicle a distal enlargement of vas deferens, looping left intestinal 
cecum; 2 prostatic reservoirs; oviduct, ootype, uterus, and seminal 
receptacle not observed, Vitellaria scattered throughout trunk, absent in 
region of reproductive organs, 
Taxonomic summary 
Type host: Centromochlus heckelii (de Filippi, 1853) (Siluriformes, 
Auchenipteridae ). 
Site of infection: Gills, 
Type locality and collection date: Iquitos, Peru. 23 April 2004, 
Specimens deposited: Holotype and I para type on a single slide in 
USNPC (101537); I paratype in USNPC (101538) and I in IPCAS (M-
483), 
Etymology: This species is known for the generic name of its host 
species, 
Remarks 
Placement of this new species in Demidospermus Suriano, 1983 is based 
on agreement with the amended generic diagnosis provided by Kritsky 
and Gutierrez (1998), i.e., species without eyes (accessory granules 
subspherical), gonads in tandem. elongate bars (V-or U-shaped), 
vaginal aperture sinistral with distal vestibule, and tubular MCO with 
sheath-like accessory piece, Currently, there are 14 nominal species of 
Demidospermus parasitizing species of Loricaria (Loricariidae). Pimelo-
dus, Iheringichthys, Pinirampus, Parapimelodus (Pimelodidae), and 
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TABLE 1. Measurements (in ~m; mean with range and number of measurements [n] in parentheses) of Ameloblastella unapi n. sp. (Monogenea, 
Dactylogyridae) from the gills of Calophysus macropterus (Pimelodidae) from different locations in Iquitos, Peru. 
Greatest width 
Haptor width 
Pharynx width 
Copulatory organ length 
Accessory piece length 
Ventral anchor length 
Base width 
Dorsal anchor length 
Base width 
Ventral bar 
Dorsal bar 
Hook pairs 1-4, 6, and 7 
Hook pair 5 
* TL, total length. 
UNAP (type locality) 
Host size (15 cm TL *) 
128-200 
172 (160-189; n = 4) 
37 (30-42; n = 5) 
37 (34-41; n = 5) 
25 (22-26; n = 5) 
50 (48-52; n = 10) 
16 (15-17; n = 10) 
42 (41-44; n = 10) 
17 (15-18; n = 10) 
54 (50-58; n = 5) 
55 (50-60; n = 5) 
26 (24--27; n = 60) 
22 (22-23; n = 7) 
clockwise rings, (4) a seminal vesicle formed by a simple dilation of the vas 
deferens, (5) a ventral bar with a posteromedial projection, (6) expanded 
hook shanks, (7) a sinistral vaginal aperture, and (8) the absence of eyes, this 
species fits into the current diagnosis of Ameloblastella Kritsky, Mendoza-
Franco, and Scholz, 2000, in which it represents a new species. 
Ameloblastella unapi n. sp. most resembles A. platensis (Suriano and 
Incorvaia, 1995) Kritsky, Mendoza-Franco, and Scholz, 2000 from 
Pimelodus ciarias maculatus Lacepede, 1803 from Argentina, in having 
anchors with elongate straight shaft and short point. It differs from this 
latter species and the other 2 species (A. chavarriai [Price, 1938] Kritsky, 
Mendoza-Franco, and Scholz, 2000 [type species of the genus], and A. 
mamaevi [Kritsky and Thatcher, 1976] Kritsky, Mendoza-Franco, and 
Scholz, 2000) of the genusin having a coiled (counterclockwise) MCO with 
13-14 rings (about 2.5 rings in A. chavarriai, A. mamaevi, and A. platensis). 
Based on comparison ofthe haptoral structures, the morphology of A. unapi 
exhibits some similarity with Pseudovancleaveus paranaensis Fran<;:a, Issac, 
Pavanelli, and Takemoto, 2003 (type species of the genus) on lheringichthys 
labrosus (Liitken, 1874) (Pimelodidae) from the Parana River in Brazil. 
Both species possess anchors with elongate straight shafts and short points 
forming an angle of 90° and hooks similar in shape. 
Ameloblastella unapi n. sp. differs from P. paranaensis by possessing 
hooks dissimilar in size (24--28 [hook pairs 1-4,6, and 7] and 22-23 [hook 
pair 5] vs. 21-23 in P. paranaensis), by the number of rings of the MCO 
(13-14 vs. 3 in P. paranaensis), and by having a sclerotized coiled vaginal 
tube (not coiled in P. paranaensis). The resemblance of both A. unapi n. sp. 
and P. paranaensis can be explained as follows: Pseudovancleaveus was 
erected with P. paranaensis on the basis of similar characters used for 
characterization of Ameloblastella (see Kritsky et aI., 2000; Fran<;:a et aI., 
2003). In fact, without any comment or justification, these latter authors 
transferred A. platensis into Pseudovancleaveus as P. platensis (see Fran<;:a 
et aI., 2003). In addition, the apparent main justification of Fran<;:a et al. 
(2003) for erecting Pseudovancleaveus was to separate her species from 
Vancleaveus Kritsky, Thatcher, and Boeger, 1986 by using the generic 
character of "dorsal anchors without a fold on base" (fold on the base of 
dorsal anchors is present in Vancleaveus) and other characters, i.e., 
anchors with a developed deep root and an elongate shaft with a short 
point, and the presence of a ligament in the copulatory complex. However, 
these characteristics are not considered sufficient for separation of 
Pseudovancleaveus and Ameloblastella. Accordingly, we consider Pseudo-
vancleaveus as a junior synonym of Ameloblastella. Certainly, the first of 
these 2 latter characters is also used herein to differentiate A. unapi n. sp., 
A. paranaensis (Fran<;:a, Issac, Pavanelli, and Takemoto, 2003) comb. n. 
(= P. paranaensis), and A. platensis with respect to A. chavarriai and A. 
mamaevi. Although apparently host specific to C. macropterus, A. unapi 
occurs at 3 sites near Iquitos, Peru, i.e., a fish farm of UNAP (type 
locality), a local fish market in Belen, and Rio Nanay at Santa Clara. We 
were unable to detect any significant morphological differences in 
specimens from hosts of different size from these localities that would 
allow separation of the populations as distinct species (see Table I). 
Belen 
25-40 cm TL 
128 (115-140; n = 4) 
202 (181-215; n = 4) 
36 (29-43; n = 3) 
39 (38-39; n = 4) 
24 (22-26; n = 4) 
53 (50-56; n = 8) 
16 (16-17; n = 8) 
45 (42--47; n = 8) 
17 (15-18; n = 8) 
59 (54--61; n = 4) 
61 (56-64; n = 3) 
26 (25-28; n = 47) 
23 (22-23; n = 8) 
Santa Clara 
10 cm TL 
150 (124--200; n = 8) 
214 (205-230; n = 4) 
37 (32--44; n = 3) 
39 (30-45; n = 8) 
26 (25-27; n = 8) 
51 (49-53; n = 16) 
16 (15-17; n = 16) 
43 (42-45; n = 17) 
16 (15-18; n = 16) 
59 (57-63; n = 8) 
58 (55-60; n = 7) 
26 (25-27; n = 81) 
22 (22-23; n = 12) 
Although flattened specimens remounted in Canada balsam precluded 
illustration of a whole specimen, our examination revealed that the 
position of the gonads (overlapping: germarium anterior to testis) is 
consistent with that of other species of Ameloblastella. Our finding of A. 
unapi on C. macropterus represents a new host and geographical record for 
species of Ameloblastella. 
DISCUSSION 
Siluriform fish Centromochlus heckelii (Auchenipteridae) and 
Calophysus macropterus (Pimelodidae) are suitable hosts for 3 
dactylogyrids new to science. Whereas the species of Demidospermus 
(14 spp.) have previously been reported from species of auchenip-
terid, loricariid, and pimelodids catfish from the Rio de la Plata and 
Rio Uruguay in eastern Argentina and from the Janauaca Lake in 
Manaus, Brazil, species of Ameloblastella (A. chavarriai from 
Rhamdia guatemalensis [Gunther, 1864], R. rogersi [Regan, 1907] 
[=R. laticauda Kner, 1858 in Bockmann and Guazzelli, 2003], R. 
sebae [Valenciennes, 1840], and R, quelen [Quoy and Gaimard, 
1824] from Costa Rica, Mexico, and Trinidad, respectively; A. 
mamaevi from Cephalosilurus zungaro [Humboldt, 1833] from 
Colombia; A. paranaensis from Iheringichthys labrosus [Lutken, 
1874] from Brazil; A. platensis from Pimelodus clarias maculatus 
Lacepede, 1803 from Argentina; and A. unapi n. sp. [present study]) 
appear to be restricted to the Heptapteridae and Pimelodidae from 
the neotropical part of North America (southeastern Mexico) to 
South America (Argentina and Brazil). Our findings extend the 
known geographical distribution of species of Demidospermus and 
Ameloblastella to Peru. 
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GENOMIC ANALYSIS OF EIMERIA SPP. POPULATIONS IN RELATION TO PERFORMANCE 
LEVELS OF BROILER CHICKEN FARMS IN ARKANSAS AND NORTH CAROLINA 
Ryan S. Schwarz, Mark C. Jenkins, Spangler Klopp*, and Katarzyna B. Miska 
Animal Parasitic Diseases Lab, United States Department of Agriculture, 10300 Baltimore Ave., Beltsville, Maryland 20705, e-mail: schwarz.ryan@ 
gmail.com 
ABSTRACT: The impact of coccidiosis outbreaks on the productivity of broiler chicken farms can be substantial, depending on the 
severity of disease caused by particular species and strains of Eimeria, We examined the genetic diversity of Eimeria species present in 
commercial broiler farms in relation to their performance leveL Four groups of broiler chicken farms in Arkansas (AR) and North 
Carolina (NC), having either high or low performance levels, were sampled for Eimeria spp. oocysts, We amplified gDNA from oocysts 
by using genus-specific primers targeting 18S ribosomal RNA, the first and second internal transcribed spacer regions, and cytochrome 
c oxidase subunit I as the established species-specific primers. Eimeria spp, diversity was not homogenous among the 4 farm groups, 
with less-pathogenic species (E. mitis and E. mivati-like) associated with AR and NC high-performance farms, respectively, and a 
pathogenic species (E. brunetti) associated with AR low-performance farms, Sequence analyses identified multiple E. maxima and E. 
mitis genetic variants, from which 2 E. maxima variants were unique to low-performance farms, Distinct populations of sequences at 
the NC high-performance farms were identified as E. mivati-like, based on homology searches, Our study demonstrated the utility of 
analyzing multiple genomic loci to assess composition and polymorphisms of Eimeria spp, populations, 
Globally, poultry farms are severely impacted by species of 
Eimeria, ubiquitous intracellular parasites that are the causative 
agents for coccidiosis disease. Eimeria spp. infect the gastro-
intestinal tract, where they undergo asexual and sexual develop-
ment. Asexual replication of the parasites involves repeated host-
cell invasions, which rupture the epithelial cells lining the intestine 
and cause enteritis. The ultimate result is a decrease in growth rate 
and a reduced ability to convert food to body mass, which 
correlates to a negative economic impact on the performance 
levels of chicken farms (Williams, 1998; Haug et aI., 2008). Sexual 
reproduction in Eimeria spp. culminates in the production of 
oocysts that are excreted from the body in feces, enabling 
transmission to other, naive hosts via ingestion (Conway and 
McKenzie, 2007). 
Seven species of Eimeria are commonly recognized that 
specifically parasitize chickens and cause avian coccidiosis. While 
all 7 species have been determined to negatively affect the health 
of the birds, the degree of pathogenicity is variable. Eimeria 
acervulina, E. brunetti, E. maxima, E. necatrix, and E. tenella can 
cause moderate to severe morbidity including weight loss or 
impaired weight gain, diarrhea, dehydration, and mortality in 
severe cases of disease (Allen and Fetterer, 2002; Conway and 
McKenzie, 2007). Two species, E. mitis and E. praecox, are 
thought to be less pathogenic, yet studies have shown that they 
also negatively impact the growth and overall health of chickens 
(Gore and Long, 1982; Fitz-Coy and Edgar, 1992; Williams, 
1998). The effect Eimeria spp. infections have on growth, overall 
health, and thus quality of birds raised at poultry facilities varies, 
but all species are thought to impact the economic performance of 
chicken farms. Chicken farms often harbor 2, or more, of these 
species at any given time (McDougald et aI., 1986; Kucera, 1990; 
Morris et aI., 2007), and it has been shown that individual 
chickens can be concurrently infected by multiple Eimeria spp. 
(Long and Joyner, 1984). Recent data support the hypothesis that 
such multi-species infections may alter the pathogenicity of the 
Eimeria spp. infecting chickens and affect the severity of disease 
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(Haug et aI., 2008; Jenkins et aI., 2008). However, the correlation 
between specific species composition and genetic diversity of 
Eimeria spp. infecting poultry facilities, with the performance 
levels at these facilities, has yet to be addressed in the United 
States and has just begun to be addressed in Europe (Haug et aI., 
2008). 
Anticoccidial drugs, along with biocontrol protocols, have been 
the predominate methods used to control clinical outbreaks of avian 
coccidiosis, yet the economic impact of sub-clinical Eimeria spp. 
infections is still costly (Allen and Fetterer, 2002). While antic-
occidials remain useful in controlling avian coccidiosis, Eimeria spp. 
are developing resistance to the drugs currently in use (Chapman, 
1994, 1998). The need to analyze genetic variation in Eimeria spp. is 
recognized as a pivotal factor in our ability to understand the 
dynamics of the distribution and control of coccidia, (Morris and 
Gasser, 2006) and remains to be determined. 
Molecular techniques have been developed as reliable and specific 
methods to identify the species of Eimeria infecting chickens by 
isolating oocysts from fecal matter deposited on the litter of poultry 
facilities (Schnitzler et aI., 1998, 1999; Lew et aI., 2003; Jenkins et aI., 
2006a, 2006b). The foundation for these techniques makes use of 
species-specific variations encoded in the genomic DNA of Eimeria 
spp., to which complementary primers are designed to anneal and 
amplify these regions via polymerase chain reaction (PCR). Once 
amplified, these genomic fragments can be visualized, after 
electrophoretic separation in agarose or polyacrylamide gels, to 
ascertain the presence or absence of a particular Eimeria species 
targeted by the primers used. Further, these genomic fragments can 
be sequenced to provide insight into the genetic variation within and 
among populations of Eimeria species. 
United States broiler (meat) chicken farms in Arkansas (n = 
14) and North Carolina (n = 16), under similar management 
strategies and conventional anti-coccidial drug regimes, were 
qualitatively categorized according to their cost-of-production 
versus pound-of-meat-produced as a way to measure performance 
level. Equal numbers of farms categorized in this way as 'low 
performance' (high cost/lb) and 'high performance' (low cost/lb) 
were established as sampling sites to compare and contrast the 
composition of Eimeria spp. at these facilities. The purpose of the 
present study was to identify the composition of Eimeria spp. at 
these facilities and analyze their genetic variation in order to 
assess any correlations with performance levels at these farms. 
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METHODS 
Identification of chicken farm study sites 
Broiler chicken farms in Arkansas (AR) and North Carolina (NC), 
managed under equivalent conditions using conventional drug rotation 
programs of ionophore, chemicallionophore, and Maxiban/Monteban, 
were qualitatively classified using the ratio of production cost versus 
pound-of-meat-produced (cost/lb.). Farms having the lowest cost/lb. were 
classified as 'high performance,' and those having the highest cost/lb. were 
classified as 'low performance.' Equal numbers of 'high' and 'low' 
performance farm classifications in AR (7 each) and NC (S each) were 
selected for this study. None of these farms were using Eimeria spp. oocyst 
vaccinations to combat coccidiosis. 
Collection and isolation of Eimeria spp. oocysts 
Litter samples were collected from all farms in AR (14 total) and NC (16 
total) during December 2006 and shipped overnight to the Animal Parasitic 
Diseases Laboratory, Agricultural Research Service, United States Depart-
ment of Agriculture, Beltsville, Maryland. All litter samples were processed 
within I mo after delivery using standard procedures (Ryley et aI., 1976). 
Fecal droppings (~IO g each) from each litter sample were removed with 
forceps to 50-ml polypropylene tubes. The fecal droppings were hydrated by 
adding deionized water to achieve a final volume of 50 ml and then 
incubated for 16 hr on a rotating rocker at 4 C. The tubes were placed 
upright in a rack, the contents allowed to settle for 3 min, and 5 ml were 
removed to a 15-ml polypropylene tube containing 5 ml of2 M sucrose. The 
oocyst-sucrose suspension was mixed by vortexing, then overlaid with I ml 
of deionized H20 and centrifuged at 2,500 g for 10 min at 4 C. After 
centrifugation, 1.5 ml of the top layer was removed and mixed with 13.5 ml 
H20 and then pelleted by centrifugation at 2,500 g for 10 min at 4 C. The 
oocyst concentration in each tube was estimated using a hemacytometer. 
Propagation of Eimeria spp. oocysts 
We have previously shown that expansion of Eimeria spp. parasites in 
susceptible chickens is useful to increase the amount of starting material 
for gDNA isolation and bas little effect on species composition (Jenkins et 
aI., 2006a). Thus, oocysts recovered from litter, as described above, were 
inoculated per os into 2 groups of 2-wk-old coccidian-free (based on fecal 
sample analysis) chickens (n = 6 chickens/group) using an animal feeding-
intubation needle (VWR International, Inc., Bridgeport, New Jersey) at 
~ 105 oocysts per inoculum. Animals were housed in a clean animal 
building until fecal droppings were collected between days 5 and 10. Fecal 
samples were processed for total Eimeria spp. oocysts as described above. 
Isolation of gONA from Eimeria spp. oocysts 
Eimeria spp. oocysts (~105 total) were pelleted by centrifugation in a 
l.5 ml-microcentrifuge tube for 5 min at 2,000 g and then treated with 
200 III of bleach for 10 min at room temperature. Oocysts were then 
washed with H20 4 times, with 5 min of centrifugation at 2,000 g. The 
oocysts were re-suspended in 500 III of buffer ATL (Qiagen Inc., Valencia, 
California), transferred to a 2-ml screw-cap tube (Fisher Scientific, 
Pittsburgh, Pennsylvania), and disrupted on a Mini-Bead Beater-S Cell 
Disrupter (BioSpec Products, Inc., Bartlesville, Oklahoma) using 200 mg 
of sterile glass beads (~0.5-mm diameter) via 2, 2 min agitations, each 
followed by a I-min incubation on ice. DNA was purified using QIAamp® 
DNA Mini Kit (Qiagen Inc.) according to manufacturer's protocol. DNA 
yield was quantified using a Beckman Coulter™ DU® 640 spectropho-
tometer (Beckman Instruments, Inc., Fullerton, California) and held 
temporarily at 4 C with storage at - 20 C. 
PCR, cloning, and sequencing of COl, IT5-1/-2, and 185 rRNA from 
Eimeria spp. 
The use of DNA primers to amplify the ITSI region of specific Eimeria 
spp. has been previously described (Jenkins et aI., 2006a); primers used in 
this study are given in Table I. Universal, genus-specific DNA primers 
targeting 3 genomic regions from Eimeria spp. (COl, ITS-l/-2, ISS rRNA) 
were designed by aligning sequences from each region for all chicken 
Eimeria spp. available in the GenBank® database (http://www.ncbi.nlm. 
nih.gov/) using ClustalX (Jeanmougin et aI., 1995). Regions of highly 
conserved sequence were determined from the alignment, by eye, and used 
as priming sites. Nucleotide sequence, melting temperature (Tm), 
amplicon size, and annealing temperatures for these primers are given in 
Table I. The universal ITS-I/-2 primers are designed in the ISS rRNA 
(primer ITS-I) and 2SS rRNA (primer ITS-2) genes, thus amplifying from 
the nuclear ribosomal gDNA the partial ISS rRNA, full-length ITS-I, 
5.8S rRNA, and ITS-2, and the partial 2SS rRNA loci. Approximately 
SIO bps of the COl mitochondrial gene, and 1,790 bps of the ISS rRNA 
nuclear gene, were amplified using the universal primers designed to target 
each of these genes (see Table I). 
PCR was used to amplify targeted regions from purified gDNA using 
GoTaq® DNA Polymerase kit (Promega, Madison, Wisconsin). PCR 
products were visualized in 1% agarose gels using ethidium bromide staining. 
QIAquick gel extraction kit (Qiagen Inc.) was used to purify amplicons and 
these were cloned using pGEM®-T easy (Promega) or pCR®2.l (Invitrogen, 
Carlsbad, California) vector system kits. Color screening identified 
recombinant clones, and the inserts from these were sequenced using the 
BigDye® Terminator v3.l Cycle Sequencing Kit (Applied Biosystems, Foster 
City, California) with vector priming sites (M13) and internal priming sites 
(ISS rRNA only), and sequences were obtained using an ABI 3730 genetic 
analyzer (Applied Biosystems). Sequence data files were verified for quality 
and accuracy using Sequencher™ 4.S software (Gene Codes Corporation, 
Ann Arbor, Michigan). Sequence identity of inserts was determined using 
MEGABLAST algorithm searches of the nucleotide database collection (nr/ 
nt) via the National Center for Biotechnology Information (NCBI) server 
(http://www.ncbi.nlm.nih.govl). Sequences were screened for hybrid forms 
potentially generated during amplification via template jumping, and suspect 
sequences were eliminated from further analysis. To assess the level of 
genetic variability within and between Eimeria spp., PCR fragments 
amplified via ISS rRNA, COl, or ITS universal primer pairs were cloned 
and sequenced such that the nucleotide reads obtained were unambiguous. 
Primers were trimmed from the sequences to avoid potential bias in 
subsequent sequence analysis. To provide comparative values across all 
chicken Eimeria taxa, additional sequences were retrieved from GenBank for 
species from which we had little or no sequence data; these are included in 
Table III. 
Seventy-one ITS-I/-2 ribosomal RNA region (FJ2303 ll-FJ2303S I), SO 
COl (FJ2363S0-236459), and 52 ISS rRNA (FJ236329-FJ236379, 
FJ263947) unique sequences obtained from this study have been deposited 
in the GenBank database. 
Phylogenetic analyses 
Phylogenetic analyses of Eimeria spp. ITS-I, ITS-2, ISS rRNA, and 
COl DNA sequences, isolated from the high- and low-performance farms 
in AR and NC, were performed using sequences aligned by using multiple 
sequence alignment software (MUSCLE) (Edgar, 2004) along with 
additional Eimeria spp. sequences obtained from GenBank. Comparable 
Toxoplasma gondii genomic sequences obtained from GenBank were also 
included in the alignments and used as outgroups in the phylogenetic 
analyses. Duplicate sequences within any given performance category were 
removed from the phylogenetic analyses to avoid redundancy. Sequences 
were trimmed at the same relative 5' and 3' ends, and alignments were 
imported to MEGA version 4 (Tamura et aI., 2007) for phylogenetic 
analyses that included neighbor joining (NJ), minimum evolution (ME), 
and maximum parsimony (MP) methods. Robustness of phylogenies was 
assessed using bootstrap statistical tests. 
RESULTS 
Distribution of Eimeria spp. 
Species-specific PCR amplification of the ITS-J genomic region 
from oocyst gDNA resulted in the detection of E. tenella, E. 
maxima, E. acervulina, and E. praecox in common to both states 
and both performance categories (Fig. 1). Eimeria mitis and E. 
brunetti were additionally detected at both high- and low-
performance farm categories in NC. Thus, a total of 6 species 
were detected at NC farms using species-specific primers. From 
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TABLE 1. Primers used in this study. 
Target Primer ID Primer sequence (5'-3') Amplicon size (bp) Annealing Cc) 
Species-specific primers 
E. tenella ITS I ETf* AATTTAGTCCATCGCAACCCT 278 55 
ETr* CGAGCGCTCTGCATACGACA 
E. necatrix ITS I ENf* TACATCCCAATCTTTGAATCG 285 50 
ENr* GGCATACTAGCTTCGAGCAAC 
E. acervulina ITS I EAf* GGCTTGGATGATGTTTGCTG 321 54 
EAr* CGAACGCAATAACACACGCT 
E. maxima US ITSI EMfAlt CWCACCACTCACAATGAGGCAC 145 53 
EMrAlt GTGAWTCGTTYGRRAGTTTGC 
E. maxima AUS ITSI EMfA2t CGTTGTGAGAARACTGRAAGGG 145 55 
EMrA2t GCGGTTTCATCATCCATCATCG 
E. praecox ITSI EPft CATCATCGGAATGGCTTTTTGA 368 50 
EPrt AATAAATAGCGCAAAATTAAGCA 
E. mitis ITSI EMITft TATTTCCTGTCGTCGTCTCGC 306 54 
EMITrt GTATGCAAGAGAGAATCGGGA 
E. brunetti ITS 1 EBf* GATCAGTTTGAGCAAACCTTCG 311 55 
EBr* TGGTCTTCCGTACGTCGGAT 
Universal primers 
18S rRNA ERIBI§ ACCTGGTTGATCCTGCCAG -1,790 57 
ERIBIO§ CTTCCGCAGGTTCACCTACGG 
COl KM204§ GTTTGGTTCAGGTGTTGGTTG -810 55 
KM205§ ATCCAATAACCGCACCAAGAG 
ITSI-ITS2 ITS-I§ GGATGCAAAAGTCGTAACACGG -873 / -1,010 52 
ITS-2§ TCCTCCGCTTAATAATATGC 
• Primers designed by Schnitzler et al. 1998. 
t Primers designed by Lew et aI. 2003. 
t Primers designed by Schnitzler et aI. 1999. 
§ Primers designed in thls study. 
,. 
the AR samples, these primers detected E. brunetti uniquely from 
the low-performance farms, while E. mitis was uniquely detected 
from the high-performance farms. Eimeria necatrix ~s the only 
species not detected at any of the farms in NC or AR. 
To detect Eimeria spp. from these chicken farms in an 
additional way, 12-36 clones from each of the 4 farm categories, 
for each of 3 genomic loci amplified using universal primers 
(Table I), were sequenced (Table II). The distribution of Eimeria 
spp. detected using the universal primers at all farm categories 
corroborate the species-specific primer results (Fig. 1), except in 
the following instances: (1) universal primers did not detect E. 
mitis from AR high-performance or from NC low-performance 
farms; (2) universal primers did not detect E. acervulina from AR 
high- or low-performance farms; (3) universal primers detected 
only E. praecox from AR low-performance farms; (4) universal 
primers did not detect E. brunetti from any farm category; and (5) 
the universal primers were able to detect E. mivati-like sequences, 
an 8th candidate Eimeria sp., from the NC high-performance 
farms. No species-specific primers were designed for E. mivati; 
therefore, no data are available for its species-specific amplifica-
tion from the samples. 
The ability of the universal primers to detect multiple Eimeria 
spp. varied dependant upon the primer pair used. Universal 
primer amplification of the COl and 18S rRNA regions detected 4 
and 5 species, respectively, from the 4 farm categories (Table II). 
However, universal primer amplification of the ITS regions 
resulted in the detection of sequences from only 2 species, E. 
maxima and E. mitis. The proportional distribution of species 
amplified using the 3 sets of universal primers are given in 
Table II. Combined sequence data demonstrate E. maxima was 
the most abundantly amplified genome overall from each of the 4 
farm categories, i.e., 72%, 67%, 37%, and 67%. Eimeria tenella 
sequences were the second-most abundantly detected from 3 
categories (28%, 18%, and 29%), and at NC high-performance 
farms, both E. tenella and E. mitis sequences were second in 
abundance at 21 % of the combined samples. Eimeria acervulina 
sequences were detected at low levels (4-6%) in the NC high- and 
low-performance samples only. Eimeria praecox (15%; AR low), 
E. mitis (21%; NC high), and E. mivati-like (16%; NC high) 
sequences were detected sporadically, each from only a single 
farm category. 
Genetic variability in the 185 rRNA and COl loci 
Sequences from the 18S rRNA and COl genes of Eimeria spp., 
isolated from all high- and low-performing farms, were each 
combined and analyzed according to species, and results are 
tabulated in Table III. Cloning of amplicons from the 18S rRNA 
genomic region resulted in 53 recombinant clones from which full 
length, quality sequences were obtained. Five species of Eimeria 
were detected from these sequences (Table II), and the amplicons 
varied in size from 1,746-1,757 bps (Table III), with intra-specific 
genetic identity of all sequences ranging from a low of 97.2% 
within E. maxima sequences to a high of 99.9% within E. 
acervulina and E. tenella sequences. Identity scores calculated, 
using only sequences obtained from this study, are indicated in 
Table III with an asterisk. Amplification of the COl locus 
resulted in a total of 118 clones fully sequenced and analyzed. 
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Etenella Emitis Emaxima Eacervulina Epraecox Emivati Enecatrix Ebrunetti 
Universal Specific Universal Specific Universal Specific Universal Specific Universal Specific Universal Specific Universal Specific Universal Specific 
AR High nd 
NC High nd 
AR Low nd 
NC~WL-~ ____ ~ __ ~ ________ ~~ __ ~ ____ ~ __ ~~ ______ ~-L ________ ~ __ L-______ ~nd~~ __________ ~ ________ ~~ 
FIGURE 1. Detection of Eimeria species from 'high' and 'low' performance farms in Arkansas (AR) and North Carolina (NC) as per PCR analyses 
using universal versus species-specific primers. Presence (+), absence (-). Negative controls were run in tandem with all reactions. No species-specific 
primers were designed to detect E. mivati and, thus, there are no data (nd). 
Four species of Eimeria were identified from the COl sequences 
having nearly identical size (766-767 bps) and with genetic 
identity ranging from a low of 94.1 % within E. maxima to a 
high of 99.8% within both E. maxima and E. tenella. Taken 
together, 18S rRNA and the COl sequences are well conserved, 
with intraspecific identity in the 7 common chicken Eimeria 
species at 2:98.6%, with the exception of E. maxima having 
comparatively low identity at both the 18S rRNA (97.2%) and the 
COl (94.1 %) loci. 
Genetic variability in the ITS loci 
The ITS-l + ITS-2 primer pair frequently resulted in the 
amplification of 2 distinct fragments, as detected after electro-
phoretic separation; a 'short' fragment of approximately 870 bps 
and a second 'long' fragment of approximately 1,010 bps. From 
these, 73 complete sequences were obtained and identified 
according to species (E. maxima or E. mitis) and to 'long' or 
'short' form. The ITS-l and ITS-2 regions from these sequences, 
although amplified together, were subsequently analyzed sepa-
rately (Table III). The ITS-l 'long' form sequences from E. 
maxima ranged from 486 to 517 bps, with sequence identity 
ranging as low as 78.9%. The 'long' form sequences of E. mitis 
were longer (566--570 bps), but less variable, with1dentity from 
98.5% to 99.4%. 'Short' form E. maxima ITS-l sequences were 
between 363 and 368 bps with lowest identity at 90.4%, while 
'short' form E. mitis ITS-l sequences ranged from 432--444 bps 
with lowest identity score at 90.9%. Additionally, sequence and 
phylogenetic analyses (see below) of ITS-l region sequences 
identified a third genetic form of E. maxima sequences that were 
between 476 and 477 bps with 95.5% to 97.2% identity. 
Distinct variations in the size of E. maxima ITS-2 sequences, 
but not of E. mitis sequences, were apparent, although overlap did 
occur. 'Long' form ITS-2 E. maxima sequences were between 266 
and 302 bps with 78.6-99.6% identity, while 'short' forms were 
between 275 and 286 bps with 88.4--99.6% identity. Comparison 
of the 'long' and 'short' form ITS sequences we isolated from both 
E. maxima and E. mitis reveal that there are 2 divergent genetic 
forms within each species. The E. maxima ITS-l sequences are 
more divergent between the 'long' and 'short' forms than are the 
ITS-2 sequences, with 31.6%-37.8% and 53.3%-62.8% identity, 
respectively (Table III). Similarly, low overall identity occurred 
within ITS-l of 'long' versus 'short' form sequences of E. mitis, 
from 33.4% to 34.6%. ITS-region sequences from additional 
Eimeria taxa were obtained from GenBank and analyzed, as given 
in Table III, for comparative purposes. In addition, we have 
included analysis of ITS-2 sequences from 3 "operational 
taxonomic units" of Eimeria recently described by Cantacessi 
et al. (2008), 2 of which (OTU 'X' and 'Y') had unusually wide 
ranges of identity scores, from as little as 60.9% (OTU 'X') and 
TABLE II. Distribution of Eimeria species at high- and low-performance chicken farms from Arkansas (AR) and North Carolina (NC), as determined by 
PCR amplification of 3 genomic regions. Proportional values are given in parentheses. Sequences were assigned to species based on maximum identity 
scores from nucleotide BLAST (BLASTn) analysis (Altschul et aI., 1990) against the nucleotide collection (nr/nt) database at NCBI. 
Location Performance COl ITS-1I-2 18S rRNA Combined 
AR High n* = 36 n = 25 n = 2t 
Ema (0.31) Ema (1.0) Ema (1.0) Ema (0.72) 
Ete (0.69) Ete (0.28) 
AR Low n = 27 n = 18 n = 21 
Ema (0.56) Ema (1.0) Ema (0.52) Ema (0.67) 
Ete (0.44) Epr (0.48) Epr (0.15) 
Ete (0.18) 
NC High n = 28 n = 18 n = 17 
Ema (0.29) Ema (0.33) Ema-(0.53) Ema (0.37) 
Eac (0.14) Emit (0.67) Emiv (0.41) Eac (0.06) 
Ete (0.46) Emit (0.06) Ete (0.21) 
Emiv (0.11) Emit (0.21) 
Emiv (0.16) 
NC Low n = 27 n = 12 n = 13 
Ema (0.41) Ema (1.0) Ema (0.92) Ema (0.67) 
Ete (0.56) Eac (0.08) Eac (0.04) 
Eac (.04) Ete (0.29) 
• n, number of clones sequenced. E. maxima (Ema), E. acervulina (Eac), E. praecox (Epr), E. tene/la (Ete), E. mitis (Emit), E. mivati-like (Emir). 
t II clones from this category proved to be hybrid sequence artifacts and were eliminated from the study, hence the low sample size. 
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TABLE III. Genomic sequence variability in length and % identity among Eimeria sequences. 
Inter-specific identity 
Species I form Targett Length (bp) Intra-specific identity (%)t (%) vs. I vs.2 vs. 5 
E. maxima I 'long' form ITS-I 486-517 
ITS-2 266-302 
2 E. maxima I 'short' form ITS-l 363-368 
ITS-2 275-286 
3 E. maxima I '3rd' form ITS-I 476-477 
4 E. maxima 18S rRNA 1,746-1,751 
COl 766-767 
5 E. mitis I 'long' form ITS-l 566-570 
6 E. mitis I 'short' form ITS-l 432-444 
7 E. mitis ITS-2 325-347 
18S rRNA 1,749-1,755 
8 E. praecox ITS-I 484-485 
ITS-2 382-414 
18S rRNA 1,746-1,747 
9 E. mivati-like 18S rRNA 1,747-1,748 
COl 766-767 
10 E. acervulina ITS-I 447-452 
ITS-2 350-353 
18S rRNA 1,748 
COl 766-767 
11 E. tenella ITS-l 416-523 
ITS-2 481-486 
18S rRNA 1,754-1,757 
COl 767 
12 E. necatrix ITS-l 485-563 
ITS-2 449-501 
18S rRNA 1,756 
13 E. brunetti ITS-l 490-492 
ITS-2 361-386 
14 OTU'X' ITS-2 283-298 
15 OTU'Y' ITS-2 329-399 
16 OTU'Z' ITS-2 389-402 
• Indicates sequences only from this study used in determining value. 
t Primer regions have been excluded from these analyses. 
t Identical sequences (100%) are not shown here. 
44.1 % (OTV 'Y'). As summarized in Table III, the ITS genomic 
regions are more polymorphic than the other loci we analyzed, 
i.e., 18S rRNA and COL 
Phylogenetic analyses using the ITS loci 
Representative trees from the phylogeny reconstructions of 
Eimeria spp. ITS-l sequences (Fig. 2A) resulted in 10 well-dermed 
clades with strong bootstrap support (86-100). Eimeria praecox, E. 
brWletti, E. acervulina, E. tenella, and E. necatrix each fell into a 
single clade. Three well-supported clades of E. maxima sequences 
were generated in accordance to the 'long', 'short', and intermediate 
3rd size forms described above. Within the 'short' ITS-l clade, 11 
genetic variants from high performance AR farms, and 4 and 5 
genetic variants from low-performance farms in AR and NC, 
respectively, were isolated. No 'short' form variants were isolated 
from any of the high performance NC farms. Sequences from all 4 
farm categories fell within the E. maxima 'long' ITS-l clade, with 11 
and 5 genetic variants from high-performance, and 8 and 7 genetic 
variants from low-performance, farms in AR and NC, respectively. 
The intermediate 3rd-form clade of E. maxima was comprised solely 
of 3 genetic variants obtained from AR low-performance farms. 
78.9-99.7" 
78.6-99.6" 
90.4-99.7" 31.6-37.8* 
88.4-99.6* 53.3-62.8* 
95.5-97.2* 34.5-38.7* 55.6-58.0" 
97.2-99.8* 
94.1-99.8" 
98.5-99.4* 
90.9-99.7" 33.4-34.6* 
93.5-99.6" 
98.8 
98.9-99.5 
86.8 
99.1-99.7* 
98.1" 
96.4-99.3* 
96.9-97.7 
87.1-98.8 
99.2-99.9 
98.6-99.7" 
78.2 
96.5-99.5 
99.4-99.9 
98.6-99.8* 
79.1-97.7 
84.1-93.6 
99.7 
96.3 
96.4 
60.9-90.8 
44.1-98.7 
76.5-94.9 
ITS-l E. mitis sequences, all isolated from NC high-performance 
farms, fell into 2 well-supported clades, also according to 'long' 
versus 'short' length forms. Three genetic variants occurred within 
the 'long' form clade and 9 genetic variants within the 'short' form 
clade. 
Analysis of the ITS-2 sequences (Fig. 2B) resulted in 9 distinct 
clades (bootstrap = 67-100). Eimeria mitis, E. praecox, E. 
acervulina, E. tenella, and E. necatrix each formed a single, well-
supported clade. The resolution of distinct 'long' and 'short' form 
clades for E. mitis ITS-2 sequences did not occur, as all genetic 
variants fell within a single, well-supported clade (bootstrap = 
96). Similar to the results from ITS-l analysis, 2 clades of E. 
maxima sequences were generated in accordance to the 'long' and 
'short' sequence length forms; however, the 3rd intermediate-form 
clade of E. maxima was not distinguished using the ITS-2 
sequences. Also, similar to results from the ITS-l phylogenetic 
analysis, no 'short' form ITS-2 E. maxima sequences were isolated 
from NC high-performance farms. 'Short' form genetic variants 
numbered 12, 6, and 5 from AR high, AR low, and NC low, 
respectively. 'Long' form E. maxima ITS-2 sequences were 
isolated from all 4 farm categories, with 8 and 2 genetic variants 
from high performance and 9 and 6 genetic variants from low-
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FIGURE 2. 
Phylogenetic an
alyses u
sing the ITS-l (A), ITS-2 (B), 18S rR
N
A
 (C), a
nd C
O
l (D) genom
ic regions am
plified from
 Eim
eria spp. The trees w
ere generated by n
eighbor-joining 
distance-based m
ethod (Saitou a
nd N
ei, 1987), a
nd robustness w
as tested u
sing 1,000 ro
u
nds of bootstrapping (Felsenstein, 1985); o
nly v
alues 2:50 are show
n. Scales reference branch lengths that 
are proportional to the ev
olutionary distance calculated u
sing the m
axim
um
 co
m
posite likelihood m
ethod (Tamura et aI., 2004), w
ith pairw
ise deletion of gaps, a
nd are given in u
nits of substitutions 
per site. Trees are ro
oted u
sing Toxoplasm
a gondii sequences. Clones sequenced for this project are identified by state (AR o
r N
C) a
nd perform
ance type (R 
=
 high; L 
=
 low). Identical sequences 
from
 the sam
e location a
nd perform
ance level have been rem
o
v
ed to av
oid redundancy. Strain, geographic location, a
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m
ber are given for database sequences u
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performance farms isolated from AR and NC, respectively. The 
'long' form E. maxima sequences included a well-supported 
subclade (bootstrap = 99) of 3 of the 4 OTU 'X' sequences 
isolated in AUS (OTUx.1, x.3, xA), described as a 'population 
variant' of E. maxima (Cantacessi et a!., 2008). None of the 
sequences we isolated from AR or NC clustered with this 
subclade. The 4th OTU 'X' sequence (OTUx.2) had an 
undetermined relationship to any of the other Eimeria spp. clades 
analyzed here. An 8th ITS-2 clade (bootstrap = 99) was 
comprised of 3 AUS sequences identified as OTU 'Z' by 
Cantacessi et a!. (2008). The 9th clade of sequences (bootstrap 
= 84) included both E. brunetti and 3 AUS sequences identified as 
OTU 'Y' (Cantacessi et a!., 2008). Two of the OTU 'Y' sequences 
(OTUy.l and y.2) are sister to the E. brunetti sequences, with the 
3rd OTUy.3 basal to these. 
Phylogenetic analyses of the 18S rRNA and COl loci 
Phylogeny reconstruction using the 18S rRNA sequences 
(Fig. 2C) revealed species-specific clades (bootstrap = 72-99) 
that included a well-supported clade (bootstrap = 93) of 6 unique 
sequences isolated from high-performance farms in NC with the 
highest homology to an "E. mivati" sequence catalogued in 
GenBank (U76748.1). A large clade of sequences identified as E. 
maxima had the greatest abundance and diversity of 18S rRNA 
sequence variants, with 2 and 9 genetic variants from high-
performance farms and II and 12 genetic variants from low-
performance farms in AR and NC, respectively. Within the E. 
maxima clade, we identified a distinct subclade with strong 
support (bootstrap = 99) that was comprised of 5 sequence 
variants from low-performance farms in both AR (4 sequences) 
and NC (I sequence), as well as 3 sequence variants isolated in 
China: (1) "Shanghai" (DQI36186.1); (2) "41AOI" 
(EU02511 0.1); and (3) "Lianyungang" (DQ53835Q.l). Sequence 
variants of 18S rRNA had no obvious geographic correlations in 
the phylogenetic analyses. 
COl had the greatest number of identical sequences obtained, 
with 38 clone sequences eliminated from the data set used to 
construct the phylogeny (Fig. 2D), leaving 80 sequences analyzed 
in total. Four species-specific clades occurred: E. maxima 
(bootstrap = 81), E. acervulina (bootstrap = 90), E. ten ella 
(bootstrap = 66), and a distinct clade (bootstrap = 93) of 3 
sequences isolated only from the NC high-performance farms that 
clustered with I other sequence obtained from GenBank, 
catalogued as E. mivati strain "Shanghai" from China 
(EFI74185.1). Within the E. maxima clade, 11 and 8 genetic 
variants from high-performance and 14 and 9 variants from low-
performance farms in AR and NC, respectively, were isolated. 
Within the E. tenella clade, we isolated II and 8 genetic variants 
from high-performance and 3 and 7 variants from low-perfor-
mance farms in AR and NC, respectively. Four of the E. 
acervulina genetic variants isolated were from NC high-perfor-
mance farms, while I variant occurred at the NC low-
performance farms. 
DISCUSSION 
In this study, we have gathered data to address whether the 
performance levels of broiler chicken farms, measured as cost-per-
mass-produced, were correlated with the Eimeria spp. infecting the 
chickens at these facilities. Results of our species-specific PCR 
analyses, combined with sequence data obtained using universal 
Eimeria spp. primers, identified high levels of species diversity in 
oocyst DNA samples isolated from litter at farms having both high-
and low-performance levels from Arkansas and North Carolina, 
although the specific species compositions were not homogenous 
(Fig. I). High- and low-performance category farms in NC were all 
infected with 6 Eimeria species in common: E. tenella, E. mitis, E. 
maxima, E. acervulina, E. praecox, and E. brunetti. The NC high-
performance farms were additionally infected with an E. mivati-like 
strain. Thus, the Eimeria species complexity was greater at the high-
performance farms than at the low-performance farms in NC. This 
may be a contributing factor to the qualitative difference in 
performance levels, as the impact of coccidia infections on chickens 
may be ameliorated when additional species, or certain combina-
tions of species, are present (Haug et a!., 2008; Jenkins et a!., 2008). 
Four species of Eimeria were detected in common at the AR high-
and low-performance farms, i.e., E. tenella, E. maxima, E. 
acervulina, and E. praecox. However, E. mitis was uniquely present 
at the AR high-performance farms and E. brunetti was unique to the 
AR low-performance farms. The association of E. brunetti with the 
low-performance farms may be important, as it is known to be a 
significant pathogen of chickens. The presence of E. mitis at the 
high-performance farms may be important, as the impact of 
coccidiosis on chicken farm performance may be mitigated by the 
abundance or presence of less-pathogenic species (Haug et a!., 
2008). 
Overall, the species-specific primers detected a greater diversity of 
Eimeria species at all 4 farm categories than did the universal 
primers. The universal primers were reliable at amplifying E. tenella 
and E. maxima; however, they did not efficiently detect E. 
acervulina, E. mitis, E. praecox, or E. brunetti. Still, the universal 
primers may be useful in the detection of non-traditional species 
variants, as exemplified by the amplification of sequences with the 
highest homology to E. mivati. The universal primers also identified 
distinct populations of genetic variants of E. maxima using sequence 
data from the ITS-2 (Fig. 2B) and 18S rRNA (Fig. 2C) genomic 
loci as well as populations of genetic variants from both E. maxima 
and E. mitis using ITS-l data (Fig. 2A). As none of the samples was 
found to contain E. necatrix, the ability of the universal primers to 
detect this species remains undetermined. The species-specific 
primers used in this study (Table I) are well-established tools that 
specifically detect each of the 7 commonly recognized species of 
Eimeria pathogens known to infect chickens (Schnitzler, 1998, 1999; 
Lew et a!., 2003). However, molecular analysis using non-species-
specific oligonucleotide primers to amplify Eimeria spp. DNA, and 
the subsequent use of techniques such as the PCR-based capillary 
electrophoresis (CE) method (Woods et a!., 2000; Gasser et a!., 
2005) and cloning and sequencing methods (as shown here), provide 
new ways of examining genetic diversity within Eimeria spp. of 
chickens. These techniques ate now beginning to reveal genetic 
diversity within the Eimeria spp. infecting chickens (Morris et a!., 
2007; Cantacessi et a!., 2008). However, the extent of this diversity 
has yet to be adequately described, the interrelationships of this 
diversity are yet to be interpreted, and the impact of this 
information on the management of chicken farms has yet to be 
applied. 
In the present study, we have designed and used universal primers 
with the ability to detect multiple Eimeria spp. genotypes that may 
be present in any given sample. The overall number of Eimeria spp. 
genetic variants we isolated at all 3 loci targeted with these primers 
(ITS-1I-2, I8S rRNA, and COl) were similar in number at high-
performance (104 variants total; AR = 48, NC = 56), compared to 
low-performance (99 variants total; AR = 57, NC = 42), farms. 
Two populations of genetic variants, however, were specifically 
associated with only the low-performance farms we surveyed. First, 
from the I8S rRNA region sequences, a distinct subgroup of the E. 
maxima sequences, comprised of 5 genetic variants, formed a 
unique, well-supported clade (Fig. 2C). This distinct clade of 
sequence variants was associated only with low-performance farms 
in both AR and NC. Three sequence isolates from China also nested 
within this clade of E. maxima sequence variants, suggesting that 
this variant is geographically widespread. Second was a distinct 
clade comprised of3 ITS-l variants and identified as a 3rd form of 
the ITS-l E. maxima sequences we isolated. While we isolated many 
genetic variants of E. maxima from low-performance farms in both 
AR and NC, this particular ITS-I variant was only isolated from 
low-performance farms in AR. Whether populations of E. maxima 
containing these low-performance, farm-specific genotypes identi-
fied via the 18S rRNA and ITS-I loci can be linked on a broader 
scale with performance levels at other chicken farms remains to be 
determined. While the population of 18S rRNA low-performance 
farm-associated variants we isolated included 3 GenBank-cata-
logued isolates from China, no information was available regarding 
the conditions of the chickens or farms from which those sequences 
were obtained. Using sequence polymorphisms unique to these 
genetic variants, primers can be designed to specifically survey 
oocysts isolated from litter samples via PCR analysis. In this way, a 
broad-scale survey of farms with qualified performance levels could 
be conducted to further research the association of these variants 
and their impact on chicken farm productivity. 
In addition to the populations associated with low performance 
levels, we observed an overall high level of genetic diversity within 
the species identified from these farms. ITS-I sequenc~s revealed 2 
well-supported populations of genetic variants of both E. maxima 
and E. mitis, described as 'long' and 'short' form populations, in 
addition to the 3rd form clade from E. maxima (Fig. 2A). 
Previously accessioned sequences from Australia, Europe, Ca-
nada, and the United States occurred among our sequences in the 
'long' and 'short' form clades of E. mitis and E. maxima, though 
no other sequences were found to cluster with our 3rd form clade 
from E. maxima, suggesting that this form may be rare or 
restricted to our sampling locations. The 'long' and 'short' form 
specific clades from E. maxima were reflected in the ITS-2 analysis 
(Fig. 2B), though the E. mitis sequences were collapsed into a 
single clade and the E. maxima 3rd form clade was lost, with 
sequences split among the 'long' and 'short' form E. maxima ITS-
2 clades. Recently described Eimeria spp. operational taxonomic 
units (OTUs) X, Y, and Z, by Cantacessi et al. (2008), were 
included in our phylogenetic analyses of the ITS-2 region 
sequences (Fig. 2B). Three of the OTU 'X' sequences were well 
supported within our E. maxima 'long' form population of genetic 
variants. A 4th OTU 'X' sequence ('OTUx.2' AM922250.1) was 
highly divergent, with no clear association to any other Eimeria 
spp. in our analysis, and its status remains puzzling. The OTU 'Y' 
variants clustered with the E. brunetti sequences and may be a 
glimpse into some of the genetic diversity present within this 
species. The OTU 'z' variants formed a unique clade within the 
Eimeria spp. in our analysis and may prove to be a novel 
population. 
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As we have shown here, the use of universal Eimeria spp. 
primers targeting multiple loci are valuable. tools in the 
identification of genetic variants within the populations infecting 
chickens. While most studies of genetic diversity in chicken 
Eimeria spp. analyze either ITS-2 (most) or ITS-I, our analyses of 
sequences obtained from both ITS-I and ITS-2 regions (using 
primer ITS-l and ITS-2, Table I) provided better insight into the 
genetic diversity from our samples than we would have gleaned 
using only 1 of these regions (Figs. 2A, B). Our data from 18S 
rRNA sequences provided additional insight to our study, 
identifying sequences from the greatest number of Eimeria 
species, i.e., 5 (Table II), as well as enabling the identification of 
a distinct population of E. maxima associated with low-
performance farms (Fig. 2C). In addition, phylogenetic analyses 
of I8S rRNA and COl sequences isolated from the farms we 
surveyed each revealed distinct clades comprised of sequence 
variants that did not cluster with any other species and had the 
greatest similarity to sequences catalogued in GenBank as a 
putative 8th chicken Eimeria spp., E. mivati. While the validity of 
E. mivati as a distinct species remains debated, our analyses 
demonstrate these sequences have enough polymorphisms in both 
the 18S rRNA nuclear genomic locus and the COl mitochondrial 
locus to form a distinct Eimeria spp. clade. In the 18S rRNA tree 
(Fig. 2C), the E. mivati-like sequences are most similar to E. mitis 
sequences, with strong support (bootstrap = 94). The relationship 
between E. mitis and the E. mivati-like COl sequences we isolated 
could not be determined, as no COl sequences from E. mitis were 
available. Thus, the universal primers for I8S rRNA and COl 
(Table I) should be useful in future studies to identify E. mivati-
like sequences in chicken farm surveys and may help to establish 
the prevalence, distribution, and validity of this putative species. 
As chicken Eimeria spp. sequences continue to be accessioned 
in publicly available databases, it is important for researchers to 
include as much information as possible regarding the status 
under which the sequences they choose to catalogue were isolated. 
With this information available, it is likely that particular genetic 
polymorphisms can be linked with characteristics such as 
pathogenicity, rate of life-cycle development, drug resistance, 
and overall performance level of chicken farms. 
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ANALYSIS OF SCHISTOSOMA MANSON/POPULATION STRUCTURE USING TOTAL FECAL 
EGG SAMPLING 
Walter A. Blank, Eliana A. G. Reis*, Fred W. Thiong'ot+, Joao F. Braghiroli*, Jarbas M. Santos*, Paulo R. S. Melo*, 
Isabel C. S. Guimaraes§, Luciano K. Silva*, Theomira M. A. Carmo*, Mitermeyer G. Reis*, and Ronald E. Blanton II 
Center for Global Health and Diseases, Case Western Reserve University, Cleveland, Ohio 44106. e-mail: reb6@case.edu 
ABSTRACT: Many parasite populations are difficult to sample because they are not uniformly distributed between several host species 
and are often not easily collected from the living host, thereby limiting sample size and possibly distorting the representation of the 
population. For the parasite Schistosoma mansoni, we investigated the use of eggs, in aggregate, from the stools of infected individuals 
as a simple and representative sample. Previously, we demonstrated that micro satellite allele frequencies can be accurately estimated 
from pooled DNA of cloned S. mansoni adults. Here, we show that genotyping of parasite populations from reproductively isolated 
laboratory strains can be used to identify these specific populations based on characteristic patterns of allele frequencies, as observed 
by polyacrylamide gel electrophoresis and automated sequencer analysis of fluorescently labeled PCR products. Microsatellites used to 
genotype aggregates of eggs collected from stools of infected individuals produced results consistent with the geographic distribution of 
the samples. Preferential amplification of smaller alleles, and stutter PCR products, had negligible effect on measurement of genetic 
differentiation. Direct analysis of total stool eggs can be an important approach to questions of population genetics for this parasite by 
increasing the sample size to thousands per infected individual and by reducing bias. 
Parasite population structure may influence transmIssIon 
dynamics, host preference, and virulence, and all of these factors 
could significantly influence control strategies and drug design, 
Uncontrolled, schistosomiasis is one of the most common threats 
to health in the developing world (King and Dangerfield-Cha, 
2008), While schistosomiasis mansoni contributes to anemia and 
linear growth deficits (Assis et aI., 2004; Brito et aI., 2006), the 
most serious outcome of infection is the portal hypertension that 
results from the host's response to eggs trapped in the liver. 
Schistosoma mansoni is a multicellular parasite with a complex 
developmental life cycle distributed between 2 hosts, Adult male 
and female worms produce eggs in the mesenteric veins that drain 
the intestines of mammalian hosts, Approximately half of these eggs 
pass out of the body in: the stool, hatching as miracidia when they 
reach freshwater. The miracidia infect snails and undergo asexual 
reproduction, resulting in the release of cercariae that penetrate the 
skin of humans who come in contact with the contaminated water. 
Because of the way they are distributed, a community of 
schistosomes is, therefore, a collection of discrete infrapopulations 
that together form a component population in a community of 
human or snail hosts, The infection within an individual host is not 
clonal, but it is also not a complete population in the genetic sense, 
since the viable members of the next generation are exported, This 
type of distribution is likely to obscure the true population structure 
of S. mansoni unless the infrapopulations are adequately sampled, 
The development of 2 elements is critical for understanding 
schistosome infra- and component-population structure, i,e" a set 
of polymorphic neutral markers and an appropriate sampling 
strategy, Fortunately, micro satellite markers are common in 
schistosomes (Rodrigues et aI., 2002), and their discovery has been 
aided by the S. mansoni Genome Project Optimizing a sampling 
strategy has been more problematic, The exact numbers and 
distribution of snails is rarely, if ever, known, and their short life 
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spans and low rates of active shedding also mean that the snails are 
usually only carrying the parasites transmitted in the preceding few 
months by a limited segment of the human population, likely 
underestimating the underlying variation across all human hosts. 
Human activity, however, is the major determinant for the 
distribution of the parasite. It is simpler and more accurate to 
sample all, or nearly all, of the human population in a community, 
since most individuals can be accounted for, and their probability 
for infection can be accurately estimated. The most accessible and 
most representative parasite sample that can be obtained from 
humans is the eggs discharged in stool. 
One approach to sampling has been to produce cercariae or adult 
worms in the laboratory from eggs collected from stools. This is a 
time-consuming process that samples relatively few organisms and 
introduces significant bias due to selection at the point of egg 
hatching, infection of laboratory snails, and infection of typical 
laboratory animals (LoVerde et aI., 1985; Dalton et aI., 1997; 
Sorensen et aI., 2006). More recently, methods for assaying 
individual miracidia (obtained from eggs hatched in vitro) with 
multiple microsatellite markers have been described (Gower et aI., 
2007; Steinauer et aI., 2008), but these studies are still limited in the 
number of individuals that may be tested within an infrapopulation, 
and they introduce the potential for bias toward eggs capable of 
hatching in vitro. By a recent estimate, a moderately infected 
individual with a typical parasite burden of 80-100 worm pairs 
would excrete 12,000--15,000 eggs daily (Wilson et a\., 2006). 
Adequate sample size has yet to be determined, but larger numbers 
are more likely to be representative of the infrapopulation. 
The estimation of allele frequencies by micro satellite analysis in 
pooled DNA samples has been performed successfully in the past 
(Shaw et aI., 1998; Collins et aI., 2000; Schnack et aI., 2004). We 
previously demonstrated (Silva et aI., 2006) that micro satellite 
allele frequencies can be accurately estimated from the pooled 
DNA of S. mansoni clones. We show here how the same principles 
may be applied to naturally aggregated samples by using 
thousands of parasite eggs isolated from individual human 
infections to study the population structure of S. mansoni. 
" 
MATERIALS AND METHODS 
Schistosoma mansoni laboratory strains were named according to the 
laboratory in which they were maintained and are represented by 300-500 
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adult worms from each. The laboratory strains were: CWRU (Case 
Western Reserve University, Cleveland, OH); BRI-I, BRI-2, BRI-3, and 
BRI-4 (Biomedical Research Institute, Gaithersburg, Maryland); CPGM 
(Centro de Pesquisa Gonyalo Moniz - Oswaldo Cruz Foundation, 
Salvador, Bahia, Brazil); IPR (Institute of Primate Research, Nairobi, 
Kenya); TBI (Theodor Bilhartz Institute, Cairo, Egypt); and York 
(University of York, York, U.K.). The CWRU and BRI-l strains were 
derived from the same founder population of Puerto Rican origin (Naval 
Medical Research Institute, NMRI strain) and have been separated for at 
least 30 yr. BRI-4 may have also originated from the NMRI strain, while 
the BRI-2, BRI-3, and the York strains are of Puerto Rican origin, but are 
not from the NMRI strain. All strains were maintained in mice except for 
the IPR strain, which represented a laboratory infection in baboons from 
wild-caught snails. BRI-3 (Richards and Shade, 1987) and TBI are 
distinguished by having a more restricted snail host range. Schistosoma 
japonicum and S. hematobium laboratory strains were obtained from 
Biomedical Research Institute (NIAID Contract NOI-AI-30026). Four 
hookworm samples (designated HKI-HK4) were obtained from eggs 
isolated from the stool of individual Kenyans with hookworm infections. 
Clonal populations of adult worms derived from the BRI-l strain of S. 
mansoni were created as described earlier (Silva et a!., 2006). 
For the isolation of S. mansoni eggs, total morning stools were collected 
from children and adults as a part of studies on schistosome morbidity in the 
communities of Itaquara and Salvador, Brazil, and Katheka, Kenya. In the 
Kenyan community and in Salvador, previous chemotherapy was uncom-
mon, while Itaquara had undergone several campaigns of widespread 
treatment with praziquantel. Intensity of infection was quantified by the 
Kato-Katz method (Peters et a!., 1980). A protocol based on published 
sieving methods (Dresden and Payne, 1981), and on density gradients (Baltz 
et a!., 1982; Dalton et a!., 1997) for isolating eggs from the liver, was used to 
isolate eggs from human feces. After homogenizing 200 g of feces in a large 
volume of cold 2% saline and a series of gravity sedimentations, the material 
was passed in succession through 420-J.lm mesh, I 77-J.lm mesh, 107-J.lm mesh, 
and 50-J.lm mesh sieves. The eggs (~IOO J.lm X 70 J.lm) were washed off of the 
final 2 sieves. Some of the Brazilian samples were further purified over a 
10%:70% Percoll-saline step gradient centrifuged at 400 g for 10-20 min. 
After pelleting to the bottom of the tube, the eggs were washed with saline 
and a final egg count was made. Because little difference in the quality and 
quantity of DNA was' noted from eggs subjected to this additional 
purification step, the process was discontinued for subsequent samples. 
DNA was isolated from samples by proteinase K digestion followed by 
phenol:chloroform extraction (Sambrook and Russell, 20(1). A further 
purification step using QIAamp tissue kit spin columns (Qiagen, Inc., 
Valencia, California) was performed on DNA extracted from stool egg 
samples to remove PCR inhibitors (Verweij et a!., 2004). 
Polymerase chain reaction (PCR) conditions and primer sequences for 
micro satellite loci SMMS 2 (s. mansoni microsatellite 2), SMMS 3, SMMS 
13, SMMS 16, SMMS 17, S"MMS 18, and SMMS 21 were as previously 
described (Silva et a!., 2006). Primers for the human chemokine coreceptor 
gene CCR5 (Salkowitz et a!., 2003) were used to test for human DNA 
contamination in DNA extracted from S. mansoni eggs. Primers 
previously used for randomly amplified polymorphic DNA (RAPD) 
analysis (Dias Neto et a!., 1993) were used as controls for amplification. 
DNA samples from laboratory strains of S. mansoni, and from eggs 
isolated from feces, were genotyped by PCR amplification of the 
micro satellite loci and separated by polyacrylamide gel electrophoresis 
(PAGE) on 8% non denaturing gels along with a 50 bp molecular weight 
marker (Fermentas, Glen Burnie, Maryland). Gels were stained with 
ethidium bromide, and digital images were generated with a Doc-It gel 
documentation system and software (UVP, Upland, California). To verify 
the identity of the presumed micro satellite amplicons from stool eggs, 
PCR products of some egg samples were purified from polyacrylamide 
gels using the QIAEX II kit (Qiagen, Inc.) and then sequenced. 
We also evaluated the use of an automated sequencer for microsatellite 
analysis. The II Kenyan samples were amplified with fluorescently labeled 
forward primers SMMS 3, SMMS 16, SMMS 18, and SMMS 21 (using 
the dyes FAM, HEX, JOE, and ROX, respectively). The reaction products 
and the GS500LIZ size standard (Applied Biosystems, Foster City, 
California) were separated on an Applied Biosystems 3730 genetic 
analyzer. DNA samples from 15 S. mansoni BRI-l clones were pooled 
by combining equal volumes of each, and equal volumes of the individual 
and pooled samples were amplified with the 4 primer sets as well as with 
fluorescently labeled SMMS 2 (FAM), SMMS 13 (ROX), and SMMS 17 
(HEX) primers, and were analyzed using the GS600LIZ size standard 
(Applied Biosystems). 
For PAGE-separated PCR reaction products, DNA band intensities and 
migration were measured from digitized gel images using SigmaGel (Jandel 
Scientific, San Rafael, California) as previously described (Silva et a!., 2006). 
Relative population allele frequencies were calculated by dividing the 
measured intensity of a particular band (representing an allele) by the 
summed intensities of all bands measured at that locus. For samples run on 
the AB 3730, output files were analyzed using Peak Scanner software vl.O 
(Applied Biosystems) using a minimum peak height cutoff of 50, and relative 
allele frequencies were calculated using peak areas in a manner similar to 
band intensities from PAGE. Calculations were made using all observed 
alleles, and then repeated using only the alleles representing greater than 5% 
of the total allele intensities in each sample. Raw allele frequencies for the 
individually analyzed S. mansoni BRI-l clones were obtained by summing 
the peak areas for each allele and dividing the sum by the total area of all the 
alleles at that locus, and the mean ratio of allele intensities for heterozygotes 
at each locus was used to adjust for unequal allelic amplification, as 
described earlier (Le Hellard et a!., 2002; Silva et a!., 2006). 
FST values were calculated with the program Arlequin 3.11 (Excoffier et 
a!., 2005) using analysis of molecular variance (AM OVA), inputting the 
allele frequencies as relative proportions, and using worm or final egg 
counts for sample sizes. The analysis was carried out with 16,000 
permutations. Weighted average estimators for FST values were calculated 
across m loci (Reynolds et a!., 1983) using the following formula: 
Weighted FST = (~va,) / ~ (Va, + Vb,) 
where Va and Vb are, respectively, the among-population and within-
population variance components determined by Arlequin at each locus 1. 
Weighted averages have been shown to perform better than unweighted 
averages when combining FST values over multiple loci (Reynolds et a!., 
1983), although both were calculated for pairwise comparison of the 
laboratory strains. F ST values are generally interpreted as follows: <0.05, 
little genetic differentiation; 0.05-0.15, moderate differentiation; 0.15-
0.25, great differentiation; >0.25, very great differentiation (Hartl and 
Clark, 1997). Effective population sizes (Ne) were calculated from allele 
frequencies and infrapopulation sizes by a maximum likelihood method 
using the program MLNE (Wang and Whitlock, 2003). Other calculations 
were performed in Excel (Microsoft, Redmond, Washington). 
RESULTS 
Microsatellite amplification of the S. manson; 
laboratory strains 
DNA extracted from S. mansoni populations, maintained in 
several laboratories in the United States and abroad, was 
amplified using the SMMS primer sets (Fig. 1, lanes 1-9). SMMS 
2 primarily amplified 2 bands of approximately 228 and 261 bp, 
although the IPR strain exhibited several smaller bands that more 
closely resembled the stepwise variation expected for microsatel-
lites. The SMMS 3 amplification showed a greater degree of 
heterogeneity, as well as a greater differentiation between the 
strains, than did SMMS 2. By PAGE, a number of the laboratory 
strains appeared to be mono-allelic at several loci, yet polymor-
phic for the IPR strain (Fig. I, lane 7). 
Band sizes and relative intensities were measured, and pairwise 
FST values were calculated between strains. The results indicated a 
high degree of differentiation between all laboratory strains 
(Table I); the weighted FST for all strains, over all loci, was 0.651, 
with the pairwise FST values ranging from 0.289-0.955. 
~;,. "* 
Specificity of the SMMS primers 
The specificity of the primers for the 7 SMMS loci against other 
DNA templates likely to be encountered in stool samples (human, 
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ranging from 2% of the true allele peak area for SMMS 2 to 11 % 
for SMMS 3. Raw allele frequencies for the summed individual 
clones were calculated using only the true allele peaks for each 
clone, while adjusted frequencies counted the area of each 
observed stutter peak toward the sum for its respective true 
allele. At all 6 loci, pairwise FST values of the pool, versus both 
raw and adjusted summed individual clones, were less than 0.01, 
indicating very little difference. 
DISCUSSION 
In this work, we demonstrate approaches for the investigation 
of S. mansoni population structure by micro satellite analysis of 
DNA, from all eggs isolated from the stool of a single infected 
individual in a single sample, as an enhanced sampling technique. 
Although no pooling is involved, the determination of allele 
frequencies in this sample type is done in a manner similar to that 
which we have previously successfully demonstrated with artificial 
pools. This is likely to better represent the true infrapopulation 
composition and allow for an accurate determination of allele 
frequencies and a subsequent calculation of the FST. Simple 
calculations suggest the potential magnitude of the sample size: 
mean stool weight may range from 200-300 g, so for a moderate 
infection of 100 eggs per g, there will be 20,000-30,000 eggs/stool. 
Final recovery of only 10% of these eggs will still yield a 2,000-
3,000-egg sample from each infected individual. 
We find that DNA from the total aggregate of eggs recovered 
from individual infections amplified as well as adult worm DNA 
to produce clear, interpretable patterns with micro satellite 
markers. Interpretability is improved when samples are genotyped 
using an automated sequencer as compared to PAGE. We 
observed a discrepancy in PCR product sizes between automated 
sequencer separations and PAGE (Tables II, III; Fig. 3). This is 
most likely due to the anomalous migration of double-stranded 
DNA, which has been observed in native polyacrylamide gels 
(Stellwagen, 1983). However, the major alleles can still be 
identified and measured with both techniques, and the FST values 
for the Kenyan samples, calculated from values based on both 
methods, did not differ greatly, particularly when weighted across 
multiple loci. Thus, good approximations can be made in 
resource-limited laboratories without access to automated se-
quencers. Redman et al. (2008) have similarly demonstrated that 
they were able to determine microsatellite allele frequencies by 
aggregate analysis of laboratory isolates of the nematode 
Haemonchus contortus, which are also maintained as mixed 
populations. They note that measuring frequencies of rare alleles 
is less accurate, although they conclude that the major alleles 
contribute to the bulk of the genetic information for a population. 
It has been suggested that there is a low severity of error in 
determination of population structure measurements (including 
FST and migration rates) introduced by genotyping errors 
(Taberlet et aI., 1999). This appears to be confirmed by our 
own results. Our analysis of pooled DNA from individual clones 
indicates that PCR artifacts, such as stuttering and unequal 
amplification, have a minimal effect on calculated FST. As a 
limitation of available laboratory strains, the clones we examined 
showed fewer alleles than would be found in field samples of S. 
mansoni. However, many of the alleles in field samples would be 
expected to be rare and, therefore, have little effect on FST. The 
tri- and tetranucleotide micro satellites used in this study displayed 
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reflected that significant divergence and reduction in allelic 
diversity has occurred for strains derived from a common source, 
obscuring the original relationships among strains. 
Although we effectively sampled many thousands of eggs, we 
examined only a small number of human infections, so it would 
be premature to draw firm conclusions about schistosome 
population structure in the locations sampled, although general 
statements may be made from the infrapopulation results. It is 
likely that Brazilian populations emanated from West Africa 
and, as such, might be considered a founder population 
representing only a fraction of the original population. Indeed, 
mitochondrial DNA data have been used to demonstrate how 
New World S. mansoni populations were closely related to West 
African isolates, and the low number of New World haplotypes 
was hypothesized to be due to a founder effect (Morgan et aI., 
2005). However, if we suppose that allelic diversity is similar in 
East and West Africa, decreased allelic diversity was not 
observed in our Brazilian samples, since there was a total of 
25 alleles in the Kenyan versus 21 in the Brazilian field isolates 
over the 7 loci, and 15 alleles were common to both. The 
difference between our findings and those of Morgan et ai. 
(2005) may be due to the nature of the mutational mechanisms 
in micro satellites and to differences in selection pressure 
between the 2 types of markers (Jarne and Lagoda, 1996). The 
distribution of alleles for certain markers did demonstrate 
strong regional patterns. SMMS 2, for example, showed 
primarily 2 alleles representing the indel of 19 bp in American 
laboratory strains as well as in the Brazilian field population, 
while the Kenyan samples primarily showed variation in 
microsatellite repeat lengths (Figs. 1, 2). 
As with all methods, there are weaknesses and appropriate uses 
for our approach. Analysis of aggregated samples is not 
appropriate for certain types of population analysis (Sorensen et 
aI., 2006; Redman et aI., 2008), as heterozygosity and Hardy-
Weinberg proportions cannot be measured. Allelic diversity, on 
the other hand, is perhaps better measured because of the greater 
number of individuals sampled. FsT, a very effective measurement 
of genetic differentiation, can be calculated from allele frequency 
data, and estimates of effective population size (Ne), migratory 
fraction, and isolation by distance may also be determined 
(Slatkin, 1993; Wang and Whitlock, 2003) . 
The number of eggs appearing in the stool on any given day is 
highly variable, and there may be variation in the relative 
contribution of each worm pair to the day's output. This may not 
be significant over many eggs, but because of it, the effect could 
be minimized by collecting stools over several days. This type of 
variation would be a valid concern for any population sample, but 
an assay of a small numbers of eggs would be more susceptible to 
bias. Importantly, the eggs in stools represent the propagation of 
future generations. Some eggs will remain trapped in host tissues, 
but the entrapment of eggs is· more a consequence of the host's 
immune response than of an inherited characteristic, and it is not 
likely to contribute significantly to continuation of the species. A 
degree of clonality and inbreeding IS a characteristic of 
schistosome populations (Prugnolle et aI., 2005), due to asexual 
repr~uction in the snail host and to the large number of siblings 
generated in each infrapopulation. Sampling the full complement 
of S. mansoni eggs from the stools of a large number of infected 
humans will provide an indirect, yet powerful, assessment of the 
composite worm population. 
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FIGURE 4. Microsatellite analysis of a single S. mansoni clone (a) and pooled clones (b) by automated sequencer analysis. Arrows indicate locations of 
stutter peaks. Vertical scale, fluorescence intensity; horizontal scale, size in bp. 
TABLE IV. Allele frequencies with and without adjustment for unequal amplification: comparison of FsT. 
Measured allele frequencies* 
Individuals Pairwise FST of pool vs. 
Locus Allele size Individuals (raw) (adjusted)t Pool (raw) Individuals (raw) Individuals (adjusted) 
SMMS2 216 0.232 0.226 0.276 0.002 0.003 
235 0.768 0.774 0.724 
SMMS3 189 0.664 0.637 0.675 
192 0.119 0.130 0.135 <0.001 <0.001 
201 0.217 0.234 0.190 
SMMS13 186 0.896 0.870 0.902 <0.001 0.002 
189 0.104 0.130 0.098 
SMMSI6 215 0.388 0.359 0.345 
218 0.115 0.107 0.123 
221 0.257 0.295 0.258 <0.001 <0.001 
224 0.129 0.120 0.151 
227 0.111 0.120 0.123 
SMMSI7 289 0.522 0.482 0.502 <0.001 <0.001 
292 0.044 0.040 0.063 
295 0.216 0.225 0.230 
298 0.218 0.253 0.205 
SMMS18 213 0.379 0.331 
.. '. 0.389 
222 0.510 0.544 0.506 <0.001 0.001 
225 0.111 0.125 0.105 
• Allele frequencies and sizes for 15 S. mansoni BRI -I individual and pooled clones from peak heights, as determined by automated sequencer analysis. 
t Adjustment for unequal allelic amplification, as described (Le Hellard et ai., 2002: Silva et ai., 2006). 
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PRO-INFLAMMATORY CYTOKINE PRODUCTION IN CHAGASIC MOTHERS AND THEIR 
UNINFECTED NEWBORNS 
Washington R. Cuna, Ana Gabriela Herrera Choque, Roberto Passera*, and Celeste Rodriguez 
Department of Pathology, Faculty of Medicine, University Mayor de San Andres, Casilla Postal 7963, La Paz, Bolivia, e-mail: ccuna@acelerate.com 
ABSTRACT: The levels of IFN-y, TNF-Gt, IL-lO, and TGF-~l cytokines associated with Trypanosoma cruzi during pregnancy were 
determined by enzyme-linked immunosorbent assay (ELISA) in serum samples from peripheral, placental, and cord blood of chronic 
infected mothers with detectable and undetectable parasitemia, and in their uninfected newborns, Compared to uninfected pregnant 
women and mothers with undetectable parasitemia, the concentrations of IFN-y were higher at the 3 sites in mothers with detectable 
parasitemia. In these mothers and their newborns, the TNF-Gt concentrations were higher in the periphery and cord in comparison to 
serum samples from non-chagasic pregnant women. TNF-Gt levels were higher in newborns of mothers with detectable parasitemia than 
in newborns of mothers with undetectable parasitemia. IL-lO and TGF-~l levels at the 3 sites were unchanged and diminished, 
respectively, in samples from infected mothers with patent parasitemia in comparison with uninfected pregnant women. Cytokine 
concentrations did not change significantly in all samples from mothers with undetectable parasitemia; however, the concentration of 
TGF-~l was significantly reduced in their peripheral samples but significantly higher in the placenta in comparison with uninfected 
mothers and mothers with detectable parasitemia, respectively. These results suggest that elevated numbers of circulating parasites in 
vivo elicit production of pro-inflammatory cytokines that control congenital T cruzi infection. 
Chagas' disease, whose causative agent is the protozoan 
parasite T. cruzi, is an endemic illness in many countries of 
South America. The parasite is transmitted to humans by blood-
sucking triatomine bugs or blood transfusion. Control programs 
have proven feasible to reduce the prevalence of T. cruzi 
infections from an estimated 17 million cases between 1975 and 
1985 (Moncayo, 2003) to 9-10 million cases in the most recent 
estimates (Schofield et aI., 2006). Despite this success, unpre-
ventable transmission from mother to fetus is a potential threat 
in spreading this dangerous parasite. The incidence of T. cruzi 
infection in South American pregnant women varies from -6% 
to 54% (Azogue and Darras, 1991; Contreras et al., 1999; 
Blanco et aI., 2000; ,Russomando et aI., 2005). Transmission 
from chronically infected mothers to neonates occurs in -1-
10% of pregnancies (Hermann et aI., 2004) and is associated 
with severe disease and mortality (Azogue e.t aI., 1985; 
Bittencourt, 1988), 
Despite many experimental approaches, there is still no clear 
understanding with regard to the factors associated with 
congenital Chagas' disease. Some factors, such as a high parasitic 
load, immune depression, and diminished IFN-y production 
(Hermann et al., 2004; Alonso-Vega et al., 2005), have been 
postulated to account for transplacental transmission, but none of 
these issues has been unequivocally implicated as crucial in the 
transmission process. 
Present knowledge of the role of cytokines underlying the mother 
and child relationship has been derived from studies of chronic 
chagasic mothers, their newborns, or both (Vekemans et al., 2000; 
Cardoni et al., 2003; Hermann et aI., 2004; Truyens et al., 2005). 
However, in view of an uncorrelated cytokine pattern between 
peripheral blood and the placenta (Bouyou-Akotet et aI., 2004), 
previous studies hinting at a protective role of the placenta in 
congenital transmission (Bittencourt, 1984; Bittencourt et al., 1986), 
and the absence of placental studies, we attempted to identify 
cytokine levels in maternal, placental, and umbilical cord blood 
serum. The choice of cytokines was guided by studies on a 
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protective role for the pro-inflammatory cytokines IFN-y or TNF-ex 
in mothers and neonates (Vekemans et al., 2000; Cardoni et al., 
2003; Truyens et al., 2005). Since the outcome of infection is likely 
determined by a balance between the effects of protective and 
regulatory cytokines, the possible involvement of the anti-inflam-
matory cytokines IL-IO and TGF-~1 was also assessed in the 
present study. 
MATERIALS AND METHODS 
Study site, blood sample collection, and subjects 
The study was carried out in the maternity hospital Od6n Ortega in 
Yacuiba, South Bolivia, an area of endemic T cruzi infection. Informed 
consent for participation was obtained from subjects before their inclusion 
in the study. Maternal information, i.e., age, village of birth and residence, 
medical history, and present symptoms, was documented at enrollment. 
Women with concomitant infections (tuberculosis, toxoplasmosis) were 
excluded from the study. Peripheral blood samples were drawn by 
venipuncture from all parturients before delivery, and cord blood was 
collected after umbilical section. Placental blood was obtained from the 
maternal side rinsing several times with a sterile physiological solution 
(0.9% NaCl), as previously described (Bouyou-Akotet et aI., 2004). 
Briefly, an excision of a 5-cm3 block of tissue from the cleaned maternal 
side permitted aspiration of intervillous blood using a sterile Pasteur 
pipette. Thereafter, blood samples from each site were collected and 
centrifuged to separate the packed erythrocytes, and the serum was frozen 
at -20 C until assayed for antibodies and cytokines. Trypanosoma cruzi 
infection in pregnant women was determined by specific serological tests, 
i.e., indirect hemagglutination (HAl, Chagas, Polychaco S.A.I.C., Buenos 
Aires, Argentina), and ELISA (Wiener, Rosario, Argentina). The 
peripheral parasitemia in the blood of chronic chagasic mothers and 
infection in neonates was qualitatively assessed by parasite detection 
through microscopic examination of the buffycoat from mother's 
peripheral and cord blood collected in four 75-111 micro hematocrit tubes. 
Results were scored as "detectable," indicating high parasitemia, and 
"undetectable," reflecting low parasitemia. Thirteen uninfected mothers 
and their newborns, and 23 chronic chagasic mothers (13 with detectable 
parasitemia and 10 with undetectable parasitemia) and their uninfected 
neonates were enrolled. Uninfected mothers (U) and mothers with 
undetectable parasitemia (C) were selected by simple randomization by 
flipping a coin, i.e., heads = U, tails = C. All cases from mothers with a 
positive micro hematocrit test result were included, because these are rare 
samples. The study received approval by the ethics committees of the 
Facu-i1'y of Medicine and the Medical College of Bolivia. 
Measurement of cytokines in peripheral, placental, and cord serum 
Serum samples were analyzed by sandwich ELISA for IFN-y, TNF-Gt, 
IL-lO, and TGF-~l, using pairs of capture and biotinylated-specific 
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TABLE I. Serum concentrations of IFN-y. 
IUlml, median 
(interquartile range) Peripheral P* 
U ninfected (13) 0.61 (0.25-1.41) 
0.004 
Detectable parasitemia (13) 2.17 (1.25-2.82) 
0.002 
Undetectable parasitemia (10) 0.53 (0.24-1.33) 
• P value. 
secondary antibodies (BioSource Europe S.A., Nivelles, Belgium). A 
standard curve of recombinant human cytokine was run with each plate. 
The sensitivity of each assay was as follows: IFN-y, 0.03 IU/ml; TNF-C(, 
0.09 pg/ml; IL-IO, 0.2 pglml; and TGF-~I, 15.6 pglml. 
Statistical analYSis 
A non-parametric method for independent data was employed. The 
significance of differences between continuous variables was assessed by 
the Kruskal-Wallis test, using the Mann-Whitney U-test for post hoc 
analysis. All reported P values are 2-sided at the conventional 5% 
significance level. Data were analyzed with use of SPSS 13.0.1 (SPSS Inc., 
Chicago, Illinois). 
RESULTS 
Cytokine production in mothers with detectable parasitemia 
Peripheral, placental, and cord median concentrations of 
IFN-y were higher in mothers with detectable parasitemia than 
concentrations from. samples in uninfected mothers and 
mothers with undetectable parasitemia (Table I). Similarly, 
peripheral and cord serum contained significantly more TNF-C( 
in women with detectable parasitemia than did ccrrresponding 
samples from non-chagasic mothers, their neonates, and 
neonates born to mothers with undetectable parasitemia 
(Table II). In these mothers, TNF-C( production was less than 
in similar samples from mothers with patent parasitemia, 
although these cytokine levels were not significantly different 
(Table II, P = 0.063). In contrast, when samples from 
uninfected mothers were compared with those from infected 
mothers, TGF-~I serum levels of infected mothers were reduced 
at all 3 sites (Table IV), coincident with increased production of 
IFN-y. The production ofIL-IO did not undergo major changes 
(Table III). 
TABLE II. Serum concentrations of TNF -C(. 
pglml, median 
(interquartile range) 
U ninfected (13) 
Detectable parasitemia (13) 
Peripheral 
0.61 (0.52-0.76) 
0.86 (0.63-0.90) 
Undetectable parasitemia (10) 0.65 (0.50-0.72) 
• P value. 
NS, not significant. 
P* 
0.029 
0.063 
Placental p* Cord 
0.10 (-0.11-1.33) 0.17 (-0.11-1.14) 
0.017 
2.18 (1.30-3.25) 1.67 (0.69-5.43) 
0.009 
0.10 (-0.05-1.93) 0.55 (-0.05-1.20) 
Cytokine production in mothers with 
undetectable parasitemia 
P* 
0.011 
0.035 
Except for reduced levels ofTGF-~1 (P = 0.041) in mothers with 
undetectable parasitemia and increased production in the placenta 
(P = 0.009) of those women, compared to similar samples from 
non-chagasic mothers and mothers with evident parasitemia, 
respectively (Table IV), the production of other cytokines was not 
affected. Although levels of this cytokine were higher in the 
periphery and cord in mothers with undetectable parasitemia in 
comparison to levels in mothers with detectable parasitemia, they 
were not significantly different (Table IV, P = 0.063). 
DISCUSSION 
Studies of congenital T cruzi transmission describing the 
simultaneous peripheral, cord, and placental cytokine responses 
ex vivo during the chronic phase of infection have not been 
undertaken. Hence, the present report describes, to paraphrase 
Patrick Holt (2003), an "experiment of nature." This approach has 
permitted us to circumvent the standard procedure of measuring 
cytokine production in stimulated peripheral blood lymphocytes as 
a result of detectable blood parasites in vivo during the chronic 
phase. The micro hematocrit method used for parasite concentration 
is fast, easy to perform, and reliable, with a high sensitivity (97.4%) 
in infants less than 6 mo old (Freilij and Altcheh, 1995). Moreover, 
facilities to determine parasitemia levels by polymerase chain 
reaction (equipment, material) were not at hand. 
It is well known that IFN-y confers protection from T cruzi 
infection (Plata et aI., 1984; Reed, 1988; Torrico et aI., 1991) 
through macrophage nitric oxide production and a cytotoxic 
effect on T cruzi (Vespa et aI., 1994). In the present study, 
mothers with detectable parasitemia had the highest IFN-y 
Placental P' Cord p* 
0.61 (0.59~.89) 0.53 (0.50-0.69) 
NS 0.001 
0.83 (0.ZQ-1.09) 1.03 (0.89-1.69) 
NS 0.001 
0.65 (0.51-1.05) 0.58 (0.46-0.77) 
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TABLE III. Serum concentrations of IL-IO. 
pg/ml, median (interquartile range) Peripheral p' 
Uninfected (13) 0.08 (-0.12-0.24) 
NS 
Detectable parasitemia (13) -0.06 (-0.09-0.06) 
NS 
Undetectable parasitemia (10) -0.08 (-0.16-0.09) 
* P value. 
N S, not significant. 
concentrations in peripheral and placental blood. Despite the 
presence of patent maternal parasitemia, their newborns were 
uninfected; thus, the elevated IFN-y concentrations may have 
contributed, together with cord blood IFN-y, to the prevention of 
congenital infection. IFN-y production by mothers of un infected 
newborns would originate from parasite-specific memory T cells, 
as has been effectively argued in a previous study (Vekemans et 
aI., 2000). 
IFN-y production by NK cells determines resistance during the 
early phase of T. cruzi infection in mice (Cardillo et aI., 1996). 
Therefore, the absence of IFN-y production by the majority of 
blood cells from uninfected newborns of chagasic mothers upon 
stimulation with a T. cruzi lysate (Vekemans et aI., 2000) tempts 
us to speculate that IFN-y production in vivo during neonatal 
innate immunity originates with NK cells. Moreover, a recent 
study by Hermann et al. (2006) revealed reduced production of 
IFN-y by cord blood NK cells obtained from congenitally 
infected newborns. Also, considering a protective role of the 
placenta, IFN-y might be transported from the placenta to the 
cord. However, it is, not clear whether cytokines, IFN -y in 
particular, are transported from the maternal to fetal circulation. 
In this regard, a suggestive study in which IFN-y given to 
pregnant rats is associated with partial resistance in their 
offspring to challenge with T. cruzi (Didoli et aI., 2000) points 
to maternal-fetal transmission of this cytokine. 
IFN-y/TNF-cx production was observed in peripheral and cord 
blood serum (Tables I, II), suggesting that, similar to findings in 
previous reports on T. cruzi (Silva et aI., 1995) and other parasitic 
infections (Green et aI., 1990; Langermans et aI., 1992), infection 
in pregnant women and uninfected newborns is regulated through 
an autocrine-amplifying effect of TNF-cx, following the IFN-y 
priming of monocyte trypanocidal activity. 
Interestingly, in vivo IFN-y production was not abrogated by 
IL-IO or TGF-~l production. Despite a wide range ofIL-lO levels 
in uninfected newborns and placenta from non-chagasic 
TABLE IV. Serum concentrations of TGF-~1. 
pg/ml, median 
(interquartile range) Peripheral p' 
Uninfected (13) 467.17 (274.11-542.00) 
0.001 
Detectable parasitemia (13) 177.46 (111.25-309.88) 
0.063 
Undetectable parasitemia (10) 294.91 (226.17-315.59) 
0.04lt 
* P value. 
Placental p' Cord p' 
0.17 (0.01-1.61) -0.05 (-0.09-[-0.01]) 
NS NS 
0.01 (-0.05-0.36) 0.02 (-0.09-1.43) 
NS NS 
0.04 (-0.08-0.17) -0.05 (-0.08-0.00) 
mothers, there were no significant differences in IL-IO produc-
tion (Table III). Furthermore, the production of TGF-~l was 
systematically reduced at the 3 sites (Table IV). This suggests a 
protective role for IFN-y in these studies, considering that TGF-
~l has been shown to be a potent inhibitor of IFN-y-mediated 
intracellular killing of T. cruzi and may enhance susceptibility to 
T. cruzi by inhibiting IFN-y production (Bellone et aI., 1995; 
Reed, 1999). 
Very similar patterns of cytokine production were revealed 
between samples from un infected mothers and infected mothers 
with undetected parasitemia (Tables I-III), suggesting that 
parasitemia was not sufficient to activate cytokine production 
to detectable levels in this study. In effect, this parasitemia status 
was preventing congenital infection. 
The patterns of cytokine production within the groups of 
chagasic mothers lend further support both to a protective role of 
IFN-y in mothers with detectable parasitemia (Table I) and a 
combined protective action of IFN-y/TNF-cx in uninfected 
newborns (Tables I, II). 
Overall, the present ex vivo study highlights novel insights into 
the immunoregulatory mechanisms associated with the mother 
and child relationship during T. cruzi infection. Thus, we 
observed a marked increase in production of pro-inflammatory 
cytokines associated with evident parasite blood levels in the 
absence of congenital infection. In addition, it is intriguing in our 
study that this pro-inflammatory cytokine release was not 
accompanied by the production of any of the regulatory IL-IO 
and TGF-~l cytokines. Specific production of soluble TNF 
receptors by blood cells from chagasic mothers and their 
uninfected newborns was revealed in vitro in a previous study 
(Vekemans et aI., 2000), but whether these molecules are 
operational in vivo remains to be confirmed. These are open 
questions that deserve further attention. A study using a larger 
sample size and a different methodological approach should help 
in this endeavor. 
Placental p* Cord p* 
380.91 (304.55-457.78) 408.31 (345.91-431.65) 
0.005 0.022 
162.74 (106.68-305.57) 250.52 (116.07-358.08) 
. ;;,'" 0.009 0.063 
359.65 (305.54-424.17) 354.53 (274.75-447.89) 
t Significant difference between uninfected mothers and mothers with undetectable parasitemia. 
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ANTIBODIES TO THE VENTRAL DISC PROTEIN 8-GIARDIN PREVENT IN VITRO BINDING 
OF GIARDIA LAMBLIA TROPHOZOITES 
Mark C. Jenkins, Celia N. O'Brien, Charles Murphy, Ryan Schwarz, Katarzyna Miska, Benjamin Rosenthal, and 
James M. Trout 
Animal Parasitic Diseases Laboratory, Agricultural Research Service, USDA, Beltsville, Maryland 20705. e-mail: mark.jenkins@ars.usda.gov 
ABSTRACT: A cDNA coding for 8-giardin was cloned from Giardia lamblia trophozoites to localize the protein and to study its 
function in mediating surface attachment. Recombinant 8-giardin antigen was expressed in Escherichia coli as a poly-histidine 
fusion protein and was purified by affinity chromatography for production of antisera to 8-giardin. By immunoblotting analysis, 
antisera to recombinant 8-giardin antigen recognized a 31-kDa protein on G. lamblia trophozoites. Anti-recombinant 8-giardin 
was used to localize the native protein to the trophozoite ventral disk in both immunofluorescence and immunoelectron microscopy 
assays. Pre-treatment of G. lamblia trophozoites with anti-8-giardin sera caused morphological changes in the parasite and 
inhibited trophozoite binding to the surface of cell culture slides. Binding of antibodies to 8-giardin may provide a means of 
inhibiting attachment of G. lamblia trophozoites to the intestinal epithelium and thereby prevent clinical giardiasis. 
Giardia lamblia, the causative agent of giardiasis, is a pro-
tozoan that infects the upper intestinal tract of many mammals, 
including humans. In general, giardiasis begins by the ingestion 
of water contaminated with G. lamblia cysts, which excyst in 
the small intestine, releasing 4 trophozoites that attach to epi-
thelial cells lining the gut (for review, see Adam, 2001). At-
tachment is mediated by the ventral disk, an organelle that is 
composed of 3 distinct structures, i.e., microtubules that are 
coiled around a bare area; microribbons that protrude into the 
cytoplasm; and cross-bridges that connect adjacent microtu-
buIes, thereby providing structural support to the ventral disk 
(Elmendorf et al., 2003; de Souza et aI., 2004; Sant' Anna et 
al., 2005). A ventro-Iateral flange and lateral crest at the disk 
perimeter may play a role in attachment of the parasite to sur-
faces (Feely, 1982; Peattie et aI., 1989; Tumova et al., 2007). 
It has been proposed that adherence of G. Lamblia trophozoites 
is mediated by a suction force between the ventral disk and 
epithelial cell surface (Holberton, 1974). At prese.nt, 3 major 
classes of proteins, termed U-, ~-, and 'Y-giardins, have been 
identified as components of the ventral disk (Peattie et al., 1989; 
Peattie, 1990; Nohria et aI., 1992). u-Giardins are a large class 
of annexin-like molecules that are localized to the outer edges 
of microribbons (Holberton et al., 1988; Bauer et al., 1999; 
Wenman et al., 1993; Weiland et al., 2003, 2005), whereas ~­
giardins seem to be closely associated with microtubules (Hey-
worth et al., 1999). 'Y-Giardin is a 38-kDa protein that may also 
be a component of microribbons (Nohria et aI., 1992). A fourth 
giardin, named 5-giardin, has been studied at the molecular lev-
el, but no information is available on its location in G. lamblia 
(Elmendorf et al., 2001). 
Maintenance of the ventral disk architecture seems to be crit-
ical for trophozoite binding. For example, disruption of micro-
tubule function and binding of microribbons by benzimadoles 
prevented attachment of trophozoites to host cells (Chavez et 
al., 1992; Sousa et aI., 2001). In a related study, polyclonal 
antibodies against G. Lamblia surface proteins prevented attach-
ment of trophozoites to host cells and glass tissue culture sur-
faces (Inge et aI., 1988; Samra et aI., 1991). Although the an-
tigen target of this serum was unknown, cytoskeletal proteins, 
such as u- and ~-giardins, are known to be highly immunogenic 
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molecules (Roxstromlindquist, 2006). The purpose of the pres-
ent study was to express recombinant G. lamblia 5-giardin pro-
tein, produce antisera specific for recombinant 5-giardin, use 
this antisera to localize the protein in G. Lamblia trophozoites, 
and test its effect on in vitro attachment of trophozoites. 
MATERIALS AND METHODS 
Giardia lamblia 
Giardia lamblia (WB strain) trophozoites (assemblage A) were ob-
tained from the American Type Culture Collection (ATCC 30957, Ma-
nassas, Virginia) and cultured in modified TYI-S-33 media (Miller et 
aI., 1988) in 15-ml sterile polypropylene tubes at 37 C. Giardia lamblia 
were grown in continuous culture by inoculating 12 ml of new media 
every 2-3 days, with approximately 5 X 10" trophozoites from a viable 
culture. 
Identification and real-time reverse transcription-polymerase 
chain reaction (RT-peR) analysis of G. lamblia I)-giardin cDNA 
cloning and expression of G. lamblia I)-giardin cDNA 
A cDNA clone was identified in subtracted G. Lamblia trophozoite 
libraries by searching the nr database using BLAST-X and found to be 
nearly identical (98-99%) to G. lamblia 8-giardin DNA sequences in 
GenBank (accessions AAK32143.1, XPOOI707448.1, XPOOI707449.1). 
Oligonucleotide primers (Gl8G-forward (F), 5'-AGGAGTCCTTTGG-
CGCCTTTATTG-3' and Gl8G-reverse (R), 5'-ATTCATGTCGGTGG-
CATGCTTGAG-3') directed to the 8-giardin cDNA sequence were used 
in real-time RT-PCR with a 3000XP real-time PCR machine (Strata-
gene, La Jolla, California) to compare the relative abundance of 8-
giardin mRNA between G. Lamblia cysts and trophozoites. In brief, 1 
ng of total RNA was subjected to real-time RT-PCR using 1 pmol of 
Gl8G-forward and -reverse primers, and the Superscript III one-step RT-
PCR system (Invitrogen, Carlsbad, California) in a 25-fLl reaction vol-
ume. RT-PCR consisted of reverse transcription at 47 C for 1 hr, de-
naturation at 94 C for 1 min, followed by 35 cycles of 94 C for 30 sec, 
59 C for 30 sec, 72 C for 1 min, and a final extension at 72 C for 5 
min. In addition, RT-PCR reactions were performed using primers di-
rected to G. lamblia glyceral"dehyde-3-phosphate dehydrogenase 
(GAPDH) to control for slight differences in RNA levels between cysts 
and trophozoites. Reaction conditions were identical to those described 
for 8-giardin RT-PCR described above, except using GlGAPDH-F (5'-
AGCTTACCGGTATGGCCTTTCGT-3') and GlGAPDH-R (5'-TTGT-
CGTACCAGGCAACCAGCTTA-3') primers. All reactions were run in 
triplie:tte and were further analyzed by polyacrylamide gel electropho-
resis to ensure that the real-time RT-PCR signal was generated from the 
expected size amplification product (8-giardin, 118 base pairs [bpJ; 
GAPDH, 267 bp). Relative expression of 8-giardin mRNA in tropho-
zoites and cysts were calculated after normalizing the data to the G. 
lamblia GAPDH signal using Q-gene software (Mueller et aI., 2002). 
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Cloning and expression of G. lamblia o-giardin cDNA 
Plasmid DNA containing 8-giardin cDNA sequence was prepared and 
digested with EcoRI to release the 8-giardin coding region, which was 
inserted into EcoRI-digested pET28c (Novagen, Madison, Wisconsin) 
using DNA ligase and reaction conditions recommended by the manu-
facturer (New England Biolabs, Ipswich, Massachusetts). The ligation 
mixtures were used to transform Escherichia coli DH5 cells according 
to standard procedures (Hanahan, 1983). Recombinant 8-giardin clones 
were identified by restriction digestion of plasmids derived from the E. 
coli transformation. Maintenance of the reading frame between the clon-
ing vector and 8-giardin cDNA was confirmed by DNA sequencing. 
Recombinant clones were used to transform E. coli Rosetta 2 cells 
(Novagen) for high-level protein expression. Cultures of E. coli Rosetta 
2 cells harboring pET28-8-giardin were grown at 30 C in Luria-Bertani 
broth containing 50 f,Lg/ml kanamycin and 50 f,Lg/ml chloramphenicol 
until an optical density 600 = 1.0. Induction of recombinant 8-giardin 
was accomplished by growth of cultures at 30 C for 4 hr in the presence 
of I mM isopropylthiocyanate (Sigma, St. Louis, Missouri). 
Analysis of recombinant and native G. lamblia o-giardin protein 
Escherichia coli expressing G. lamblia 8-giardin protein were har-
vested by centrifugation at 3,000 g for 10 min. The cell pellets were 
extracted with native binding buffer (Invitrogen) containing phenyl-
methylsulfonyl fluoride (PMSF) protease inhibitor (Sigma), frozen-
thawed 2 times between a dry ice-ethanol bath and a 37 C water bath, 
and sonicated twice for 15 sec each, with incubation on wet ice for 1 
min between sonications. The protein extracts were treated with 1 
U/ml RNase and DNase for 30 min at room temperature and pelleted 
by centrifugation at 5,000 g for 30 min. The insoluble pellet was ex-
tracted by resuspension in denaturing binding buffer (Invitrogen) for 30 
min at room temperature on a rocker. The extracts were pelleted by 
centrifugation at 5,000 g for 30 min, and the supernatant was subjected 
to nickel-nitrilotriacetic acid (Ni-NTA) affinity chromatography to pu-
rify recombinant 8-giardin protein using procedures recommended by 
the manufacturer (QIAGEN, Valencia, California). 
Giardia lamblia trophozoites were obtained by placing growing cul-
tures on ice for 5 min followed by centrifugation for 5 min at 2,000 g. 
The pelleted trophozoites. were washed once with incomplete media, 
suspended in protein extraction buffer (10 mM Tris-HCl, pH 7.3, and 
1 mM MgCI2) containing PMSF, and extracted by freeze-thawing, son-
ication, and treatment with RNase and DNase as descril1ed above. 
Recombinant and native G. lamblia protein were treated with sample 
buffer (Laemmeli, 1970) with and without the reducing agent 2-mer-
captoethanol, heated for 1 min at 95 C, and fractionated by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis, followed by trans-
blotting to Immobilon membrane (Millipore, Billerica, Massachusetts) 
in a semi-dry transblotter apparatus (Bio-Rad, Hercules, California). 
After transfer, the membranes were treated with phosphate-buffered sa-
line (PBS) containing 2% nonfat dry milk (PBS-NFDM) to block non-
specific immunoglobulin binding in subsequent steps. After blocking, 
the membranes were incubated with anti-recombinant 8-giardin sera or 
preimmune sera for 2-4 hr at room temperature on a laboratory shaker, 
followed by 2-hr incubation with biotinylated goat-anti-rabbit immu-
noglobulin (rg) G (1: 1,000 dilution; Sigma), and 1 hr with avidin-per-
oxidase (1:5,000 dilution; Sigma). All antibodies were diluted in PBS 
containing 0.05% Tween 20 (PBS-TW) and removed after each step by 
3 washes with PBS-TW. Binding of 8-giardin antibodies was assessed 
by a final incubation with the peroxidase substrate 0.5 mg/ml 4-chloro-
1-napthol (Sigma) and 0.015% H20 2 (Sigma) in PBS. 
Preparation of antisera against recombinant o-giardin 
Ni-NTA-purified recombinant 8-giardin was mixed with ImmunoMax 
SR adjuvant (Repros Therapeutics, The Woodlands, Texas) and used to 
immunize 2 rabbits (New Zealand White, Covance, Denver, Pennsyl-
vania) by subcutaneous injection. Pre-immunization sera were collected 
from both rabbits, and in immunofluorescence assay (below) they were 
found to be devoid of antibodies to G. lamblia trophozoites. Primary 
and booster immunizations consisted of 25 f,Lg of Ni-NTA-purified re-
combinant 8-giardin in a total volume of 500 f,LI, and they were admin-
istered 1 mo apart. Rabbits were killed by exsanguination, and blood 
was processed for serum following protocols approved by the BARC 
Animal Care and Use Committee. Preliminary studies showed that anti-
8-giardin titers were similar in both rabbits; thus, sera were pooled for 
use in all assays described below. 
Immunofluorescence staining (IF) of G. lamblia trophozoites 
Giardia lamblia trophozoites were harvested from cell culture as de-
scribed above, suspended to 106 parasites/ml in PBS, pipetted onto in-
dividual wells of multi-well glass slides (104 trophozoites/well; Erie 
Scientific Co., Portsmouth, New Hampshire), and allowed to air dry. 
After drying, the wells were fixed for 5 min with methanol, then gently 
rinsed with PBS. After fixation, the wells were treated with PBS-NFDM 
for 30 min at room temperature in a humidified chamber, gently rinsed 
with PBS, air-dried, and then incubated for 2 hr at room temperature 
with a 1: 1,000 dilution of rabbit anti-G. lamblia 8-giardin sera or control 
sera (pre-immune sera or antisera to a non-G. lamblia poly His recom-
binant protein). The wells were gently rinsed 3 times with PBS, allowed 
to air dry, and then incubated for 1 hr at room temperature with a 1: 
100 dilution of fluorescein isothiocyanate-anti-rabbit IgG (Sigma). 
Again, the wells were gently rinsed 3 times with PBS, allowed to air 
dry, overlaid with several drops of Vectashield mounting medium (Vec-
tor Laboratories, Burlingame, California) followed by a coverslip, and 
then examined using epifluorescence microscopy. 
Immunoelectron microscopic (lEM) staining of G. lamblia 
trophozoites 
Giardia lamblia trophozoites were harvested from cell culture and pel-
leted by centrifugation for 2 min at 5,000 g. The trophozoite pellet was 
briefly mixed and then suspended in 100 f,Ll of fixative consisting of 3% 
paraforrnaldehyde in 0.1 M cacodylate buffer. Mter a 5-min fixation, the 
trophozoites were transferred to a 1.5-ml microcentrifuge tube, pelleted 
by centrifugation for 5 min at 5,000 g, gently washed twice with caco-
dylate buffer, and then briefly mixed to form a dispersed pellet in the 
bottom of the tube. The trophozoite mixture was dehydrated in a graded 
ethanol series, infiltrated overnight with LR White hard-grade acrylic 
resin (London Resin Company, London, U.K.), and cured at 55 C for 24 
hr. Thin sections (90 'l']m thickness) were obtained using a Diatome dia-
mond knife on a ReichertiAO Ultracut microtome and collected on 200-
mesh Formvar-coated nickel grids. The grids were floated for 5 min with 
the tissue section facing down on drops of PBS containing 0.1 M glycine 
and 1 % bovine serum albumin, followed by 5 min on drops containing 
PBS-TW-NFDM. Grids were incubated tissue-side down for 2 hr at room 
temperature on drops of PBS-TW containing a 1: 1 ,000 dilution of rabbit 
anti-G. lamblia 8-giardin sera or control sera (pre-immune sera or antisera 
to a non-G. lamblia polyHis recombinant protein). The grids were rinsed 
3 times with PBS-TW, incubated for 1 hr at room temperature on PBS 
containing a 1: 100 dilution of gold-labeled anti-rabbit IgG (Sigma); 
washed 2 times with PBS-TW, once with PBS, and once with H20; air-
dried; stained with 5% uranyl acetate for 30 min; and examined with a 
Hitachi H7000 electron microscope. 
In vitro testing of anti-G. lamblia o-giardin sera against G. lamblia 
trophozoites 
Giardia lamblia trophozoites were harvested from culture by trans-
ferring to 15-ml polypropylene tubes (Falcon 2059, Falcon; BD Bio-
sciences Discovery Labware, Bedford, Massachusetts) and suspended 
to 5 X 105 trophozoites/ml in complete culture medium containing 1: 
100 dilution of anti-G. lamblia 8-giardin sera or control sera (antisera 
to a non-G. lamblia poly His recombinant protein). The trophozoites 
were mixed on an orbital rocker for 1 hr at room temperature and then 
aliquoted to 4-well Lab-Tek Chamber Slides (Nalge Nunc International, 
Naperville, Illinois). The culture. slides were placed in a stationary 37 
C incubator to allow for attachment of G. lamblia trophozoites to the 
slide surface. A sample of trophozoites were also adhered to glass mi-
croscope slides using Cytopro 7620 cytocentrifuge (Wescor, Logan, 
Utah) by centrifugation for 1 min at 1,000 RPM. Adherent trophozoites 
were fixed for 5 min with methanol, and then stained for 10 min with 
200 f,Ll of Ladd Multiple Stain (Ladd Research Industries, Burlington, 
VernfJnt). After staining, the slides were washed with PBS, and the 
adherent tropozoites were overlaid with a drop of mounting medium 
(50% glycerol in PBS) and a coverslip. After 4 hr, individual wells of 
the chamber slides were gently washed 3 times with PBS, and the at-
tached trophozoites were treated with methanol and Ladd Multiple Stain 
as described above. After staining, the slides were overlaid with mount-
oG GAPDH 
bp C T C T 
300 
200 
118 -
100 
RESULTS 
Comparison of 5-giardin mRNA levels between G. lamblia 
cysts and trophozoites 
R aI-tim RT-P R anal 
f 8-gi rdin mR 
G PDH mRN 
r aI-tim 
nfirm 
r i 
ig. 1). 
Analysis of recombinant and native G. lamblia 5-giardin 
protein 
R m in nt G. lamblia 8-giardin pr t in wa highl 
pr d in E. ali r pr nting n arl 5 ~ f t tal d naturing 
Mr 
N R N R 
66-
45-
31- 31 - - .... -~ - 36 
22-
- 2ME + 2ME 
JENKINS ET AL.- ANTIBODIES TO TROPHOZOITE o-GIARDIN 897 
mbi-
m-
f 
Immunofluorescence (IF) and IEM staining of G. lamblia 
trophozoites with anti-recombinant 5-giardin sera 
In th 
B, 
n 
Effect of anti-recombinant 5-giardin sera on in vitro 
attachment of G. lamblia trophozoites 
with ntr 1 
898 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.4, AUGUST 2009 
TABLE 1. Comparison of numbers of Giardia lamblia trophozoites 
bound to surface of glass culture slides after treatment with either anti-
recombinant S-giardin or control sera. 
Study 
No. 
2 
3 
Serum 
treatment 
Control 
Immune 
Control 
Immune 
Control 
Immune 
Average no. Percent 
trophozoites/scan * inhibition** 
231 ::t: 58 
127 ::t: 29 45.0 
79 ::t: 23 
11 ::t: 3 86.1 
263 ::t: 41 
104 ::t: 18 60.5 
* Values are an average of 5 random vertical scans of well surface. 
** No. trophozoites control wells - no. trophozoites immune wells/no. trophozo-
ites control wells 
affected the binding of trophozoites to the culture well surface. 
In all 3 studies, a significant decrease (P < 0.05) was observed 
in the number of bound G. lamblia trophozoites that were treat-
ed with anti-8-giardin sera compared to those treated with con-
trol sera (Table I). Although the absolute number of bound tro-
phozoites varied between studies, trophozoites attachment after 
anti-8-giardin sera treatment was consistently lower (45.0-
81.1 % inhibition) than attachment observed in control serum 
(Table I). 
DISCUSSION 
The present study demonstrates that 8-giardin is a component 
of the G. lamblia trophozoite ventral disk. Similar to other giar-
dins, native 8-giardin (31 kDa) is between 29 and 38 kDa and 
seems to be associated. with microribbons that, together with 
microtubules and bridges, make up the ventral disk cytoskele-
ton. The 8-giardin cDNA shares no sequence similarity to a-
or ,),-giardins, which are different from one another. Although 
the overall sequence similarity is low «20%), 8-giardin shares 
conserved amino acid motifs with l3-giardin, suggesting that 
they belong to the same protein family. Regardless, it remains 
unclear how the 4 classes of giardins interact to provide struc-
ture to the ventral disk. Antibodies to purified native -32-kDa 
protein (Crossley and Holberton, 1983, 1985; Crossley et aI., 
1986) or to recombinant protein produced by molecular cloning 
(Holberton et al., 1988; Peattie et al., 1989; Alonso and Peattie, 
1992) have shown that a-giardins are a large class of proteins 
that are related to annexins (Morgan and Fernandez, 1995; Wei-
land et al., 2005). a-Giardins are found in variety of G. lamblia 
cytoskeletal components, such as flagella, ventral disk, and the 
plasma membrane (Alonso and Peattie, 1992; Wenman et aI., 
1993; Bauer et aI., 1999; Weiland et aI., 2003, 2005; Vahrmann 
et aI., 2008). In particular, a-I giardin has been localized to the 
outer edges of microribbons of the ventral disk (Peattie et al., 
1989). Other microribbon proteins, such as l3-giardin (29 kDa) 
and 'Y-giardin (38 kDa), were identified in studies of 29-38-
kDa proteins of G. lamblia trophozoites (Crossley and Holber-
ton, 1983; Crossley et al., 1986) or by molecular cloning of the 
respective genes for these proteins (Baker et al., 1988; Holber-
ton et aI., 1988; Aggarwal and Nash, 1989; Nohria et al., 1992). 
Results in the present study indicate that 8-giardin (Elmen-
dorf et aI., 2001) is also a microribbon protein that may be 
involved in attachment of G. lamblia trophozoites. The cyto-
skeletal locale of 8-giardin is consistent with its predicted struc-
ture. For example, motif searching using PFAM (http:// 
pfam.sanger.ac.uk or http://ebLac.uklinterpro) and Conserved 
Domains (http://www.ncbLnlm.nih.gov/structure/cdd) programs 
revealed that 8-giardin shares homology with the striated fiber-
assemblin (SFA)/I3-giardin family (E value = 2.00e-03). SFAs 
are acidic 33-kDa proteins that represent a major component of 
striated microtubule-associated fibers. 
In this study, binding of the ventral disc using antibodies to 
8-giardin appeared to have an effect on morphology and motil-
ity of trophozoites. Examination of G. lamblia trophozoites im-
mediately after the 1 hr treatment with control or immune serum 
revealed a high percentage of distorted trophozoites in those 
incubated with anti-8-giardin antibodies (Fig. 4B). In addition, 
G. lamblia trophozoites treated with anti-8-giardin sera were 
noticeably less mobile than trophozoites treated with control 
sera. While control trophozoites exhibited a classical rapid, 
tumbling movement, virtually all of those parasites bound with 
anti-8-giardin antibodies were immobile. Subsequent binding 
assays revealed an effect of anti-8-giardin serum on trophozoite 
attachment to glass surface. Although it is clear that in our 
assay most trophozoites in both control and immune treatments 
did not bind to glass culture surface (the maximum number 
observable in a single scan would equal 2,000 trophozoites), 
there was a consistent and highly significant inhibition of G. 
lamblia attachment in the presence of anti-8-giardin sera. Our 
data indicates that binding of 8-giardin antibodies to the ventral 
disc affects the ability of trophozoites to bind/or remain at-
tached to inanimate surfaces. This phenomenon is not without 
precedent. Antibodies to whole G. lamblia blocked in vitro 
binding of trophozoites to enterocytes (Inge et aI., 1988) and 
glass culture surfaces (Samra et aI., 1991). How binding of a 
cytoskeletal protein by antibodies prevents attachment of G. 
lamblia trophozoites is unknown. It is possible that binding of 
cytoskeletal elements either directly interferes with trophozoite 
binding or hinders the flexibility of the ventral disk, thereby 
preventing parasite attachment to gut epithelial cells. The mor-
phological change in trophozoites that had been treated with 
anti-recombinant 8-giardin sera may indicate that G. lamblia 
attachment is at least partly dependent on morphology. Binding 
to cultured cells or glass surfaces is probably multi-factorial 
because a role for lectins in attachment of trophozoites has also 
been observed (Inge et al., 1988; Sousa et aI., 2001). Whether 
post-translational moieties on giardins playa role in G. lamblia 
binding to surfaces or host cells remains unknown. Many giar-
dins, such as a2-, ,),-, and 8-giardin seem to have sites for po-
tential N-glycosylation and O-glycosylation, but it is unknown 
whether lectins that have been shown to interfere with tropho-
zoite attachment (Inge et aI., 1988; Sousa et aI., 2001) are bind-
ing to giardins or to other sUrface proteins. The ability of an-
tibodies that react with whole G. lamblia trophozoites or with 
specific giardin molecules to inhibit attachment of the parasite 
in vitro may indicate a possible therapy against giardiasis. In-
deed, it seems that a humoral immune response, in particular 
secrethry IgA, is necessary for development of immunity 
against G. lamblia (Faubert, 2000; Gillin and Eckmann, 2002; 
Langford et aI., 2002; Eckman 2003) and that a strong response 
to cytoskeletal proteins is observed in natural infections 
(Roxstrom-Lindquist et al., 2006). 
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DEVELOPMENT OF AN IN VITRO ASSAY TO EXAMINE INTRACELLULAR SURVIVAL OF 
PERK/NSUS MAR/NUS TROPHOZOITES UPON PHAGOCYTOSIS BY OYSTER 
(CRASSOSTREA V/RG/N/CA AND CRASSOSTREA AR/AKENS/S) HEMOCYTES 
Mohammad R. Alavi, Jose A. Fernandez-Robledo, and Gerardo R. Vasta* 
Center of Marine Biotechnology, University of Maryland Biotechnology Institute, Baltimore, Maryland 21202-3101. e-mail: vasta@umbi.umd.edu 
ABSTRACT: Perkinsus marinus is a facultative intracellular parasite that causes "Dermo" disease in the eastern oyster Crassostrea 
virginica. Although hemocytes from healthy oysters rapidly phagocytize P. marinus trophozoites, they fail to efficiently kill them. 
Instead, trophozoites survive and proliferate, eventually overwhelming the host. Because Chesapeake Bay oyster populations have 
been reduced to unprecedented levels, the introduction of the Suminoe oyster, Crassostrea ariakensis (synonymous C. rivuiaris), has 
recently been proposed. Although this species is refractory to developing Dermo disease, it can be infected by Perkinsus spp. and, thus, 
the mechanistic basis of its disease resistance remains intriguing. To examine whether the resistance to develop Dermo is due to a high 
capacity of C. ariakensis hemocytes to kill internalized P. marinus, we developed an in vitro assay to compare intracellular survival and 
proliferation of P. marinus in C. virginica and C. ariakensis hemocytes. Our results revealed that P. marinus cultured trophozoites have 
a similar capacity for in vitro survival within hemocytes from both oyster species, suggesting that the resistance of C. ariakensis to 
develop Dermo disease is most likely due to reduced parasite pathogenicity for the latter oyster species, rather than to infectivity. 
Together with the currently available P. marinus genome, EST sequences, and the transfection methodology we recently developed, this 
assay should significantly contribute to a rigorous identification of the P. marinus genes responsible for its intrahemocytic survival. 
Perkinsus marinus is a facultative intracellular parasite that 
causes "Dermo" disease in the eastern oyster Crassostrea virginica 
(Perkins, 1996). Other Perkinsus spp. are parasites of oysters, 
abalones, clams, and scallops and have caused substantial damage 
to each of these fisheries worldwide (Villalba et aI., 2004). In the 
past few decades, P. marinus has produced extensive damage to 
oyster bars along the Gulf of Mexico and the Atlantic coast of 
North America, with catastrophic consequences for local fisheries 
and the health of coastal waters, and it still constitutes a major 
hindrance to current restoration efforts. The continued expansion 
of the distribution range of disease has been associated with 
global warming and trade (Ford, 1996; Ford and Chintala, 2006). 
Because oysters are efficient filter feeders, they are critical for 
maintaining water quality and, therefore, they significantly 
contribute to maintaining the ecosystem balance (KeLlnedy, 1996). 
Initially classified as a fungus (Ray, 1952), P. marinus shares 
structural and molecular characteristics with both apicomplexan 
parasites and dinoflagellates (Levine, 1978; Goggin and Barker, 
1993; Reece et aI., 1997; Siddall et aI., 1997; Saldarriaga et aI., 2003). 
Further, molecular analyses indicate that Perkinsus spp. are basal to 
the dinoflagellate lineage and may represent a distinct phylum 
(Noren et aI., 1999; Gile et aI., 2006; Moore et aI., 2008). The life 
cycle of Perkinsus spp. includes a trophozoite stage, within the host 
or in the water column, and a biflagellated zoospore within the 
water column (Perkins, 1996). In the environment, transmission of 
P. marinus between oysters likely occurs by release of trophozoites 
from infected oysters, trophozoites which are filtered from the water 
by adjacent individuals (Perkins, 1996). As an intracellular parasite, 
P. marinus also appears to have developed effective strategies to 
evade the host's defense mechanisms. Perkinsus marinus trophozo-
ites are actively engulfed by C. virginica hemocytes and remain in a 
phagosome-like structure, where they survive and proliferate, 
further using hemocyte migration to spread to other tissues and 
eventually overwhelm the host (Chu et aI., 1996; Perkins, 1996). We 
recently demonstrated that oyster hemocytes recognize P. marinus 
via a novel galectin (c. virginica galectin; CvGal) which recognizes a 
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variety of potential microbial pathogens and unicellular algae and, 
preferentially, Perkinsus spp. trophozoites (Tasumi and Vasta, 
2007). Thus, P. marinus may have evolved its glycocalyx to subvert 
the host's immune-feeding recognition mechanism in order to 
passively gain entry into the hemocytes (Tasumi and Vasta, 2007). 
Oyster hemocytes can recognize and internalize biotic and abiotic 
particles through a variety of specific and non-specific mechanisms 
(Chen, 1996). Although oyster hemocytes rapidly internalize live P. 
marin us trophozoites, they fail to efficiently kill them (La Peyre et 
aI., 1995). Phagocytosis of zymosan stimulates a robust respiratory 
burst, as measured by a chemiluminiscence assay, while P. marinus 
cells fail to generate significant chemiluminiscence (Volety and 
Chu, 1995; Anderson, 1999a, 1999b). Intriguingly, osmotically-
lysed P. marin us trophozoites fail to suppress the respiratory burst, 
and coengulfment oflive P. marinus with zymosan elicits a reduced 
chemiluminiscence response (Volety and Chu, 1995; Anderson, 
1996, 1999a, 1999b). Although interference with host signal 
transduction in the oyster hemocyte cannot be ruled out, the 
parasite appears to have further evolved mechanisms to prevent 
intracellular oxidative damage by either inhibiting the phagocytic 
respiratory burst, or by catalytically degrading or scavenging its 
products. We have addressed this question in previous studies by 
characterizing the parasite's antioxidative machinery, which 
includes 2 P. marinus iron-type superoxide dismutases and 
additional activities such as acid phosphatases (Schott et aI., 
2002; Schott and Vasta, 2003; Pecher, 2007). 
In the past few decades, Dermo disease has reduced the native 
oyster populations, and farmed stocks, to very low numbers in the 
Chesapeake Bay, and numerous restoration attempts have been 
largely unsuccessful (Burreson and Ragone Calvo, 1996; Villalba 
et aI., 2004). Recently, watermen and state government agencies 
have proposed the introduction of a non-native oyster species, the 
Asian (Suminoe) oyster Crassostrea ariakensis (synonymous C. 
rivularis), which has been reported as refractory to developing 
Dermo disease (Calvo et aI., 2001). However, the potential for 
Crass.,.fiStrea ariakensis to serve as a reservoir for shellfish, finfish, 
and human microbial pathogens present in Chesapeake Bay, and 
its role on the dynamics of disease-causing organisms, is 
unknown, thus representing priority concerns (National Academy 
of Sciences, 2004). Preliminary field studies, aimed at evaluating 
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the performance of triploid C. ariakensis in Chesapeake Bay 
waters, revealed that, although this species does not appear to 
develop Dermo disease within the same time frame as C. virginica, 
it could still be infected by P. marinus at a high prevalence (Calvo 
et aI., 2001). Furthermore, experimental transmission in closed 
systems showed that Perkinsus sp.-infected C. ariakensis efficient-
ly transmitted the parasite to uninfected C. virginica within 2 wk 
(Schott et aI., 2008). It remains unclear, however, if under 
environmentally stressful conditions, or with more virulent 
Perkinsus spp. strains emerging in the future, C. ariakensis will 
remain resistant to Dermo disease. 
In light of the reported ability of P. marinus to infect C. 
ariakensis (Paynter et aI., 2008), the mechanistic basis of the 
oyster's apparent resistance to Dermo disease remains intriguing. 
Alternative explanations are (l) a higher capacity of C. ariakensis 
hemocytes to kill the phagocytized P. marinus trophozoites, or (2) 
a reduced pathogenicity of P. marinus trophozoites for this oyster 
species. Because the biochemical and molecular bases for 
intrahemocytic survival of P. marinus trophozoites have only 
recently begun to unravel (Wright et aI., 2002; Schott, Pecher, et 
aI., 2003; Schott, Robledo et aI., 2003; Schott and Vasta, 2003; 
Asojo et aI., 2006; Fernandez-Robledo, Schott et aI., 2008), it was 
of interest to address the first possibility by comparing the 
capacity of hemocytes from both oyster species to uptake and kill 
P. marinus trophozoites. So far, no assays have been developed to 
accurately measure P. marinus intrahemocytic survival. Thus, in 
the present study, we developed and optimized an in vitro 
infection assay to compare the intracellular survival and 
proliferation capacity of P. marinus trophozoites after their 
uptake by C. virginica and C. ariakensis hemocytes. 
MATERIALS AND METHODS 
Perkinsus spp. cultures 
Perkinsus marinus CB5D4 (ATCC PRA-240) (Fernandei-Robledo, Lin 
et aI., 2008) was grown and maintained at 28 C in Perkinsus culture 
medium composed of DMEHam's F12 (I :2), salinity, adjusted to 30 ppt, 
and supplemented by 5% fetal bovine serum as previously described 
(Gauthier et aI., 1995). Perkinsus trophozoites used for the phagocytosis-
intracellular survival assay were harvested in the late exponential phase of 
growth (3-4 days after subculture). Trophozoites were pelleted by 
centrifugation (480 g for 5 min), washed 3 times with filter-sterilized 
30 ppt artificial seawater (ASW; Marine Enterprises International, 
Baltimore, Maryland), and resuspended in ASW at 1.5-6.2 X 105 
trophozoites/ml, as determined by hemocytometer counts. 
Oyster species, sources, and husbandry 
Eastern oysters (c. virginica; diploid; approximately 5.0 X 3.2 cm each) 
were obtained from Mook Sea Farm (Walpole, Maine); Suminoe oysters 
(c. ariakensis; triploid; approximately 7.6 X 6.3 cm each) were obtained 
from the hatchery facility at the Virginia Institute of Marine Science 
(Gloucester Point, Virginia), where they were maintained separately in 
filtered flow-through systems and exposed to water from the York River 
under similar conditions of salinity (20 ppt and 22 C). Oysters were 
shipped overnight on ice and, upon receipt at the Aquaculture Research 
Center (ARC), COMB, they were maintained separately in closed, crushed 
coral-filtered recirculating systems and gradually acclimated to 30 ppt and 
22 C. Both oyster species were acclimated for a 4-wk period. 
Hemolymph extraction 
Oyster shells were notched at the posterior end and dorsal side of the 
shells, close to the adductor muscle, then returned to the tanks and 
allowed to recover for 3 days. Prior to bleeding, the shells were cleaned 
with ethanol, and hemolymph was drawn from the adductor muscle 
(approximately 2 ml hemolymph per individual oyster) with a sterile 
syringe fitted with a 19-9auge needle. Hemolymph samples were 
individually placed in 50-ml conical tubes, on wet ice, until used in 
phagocytosis assays. 
Phagocytosis-intracellular survival assay 
Hemolymph samples from the 3-4 oysters were pooled, and aliquots 
were dispensed into 24-well plates (Becton Dickinson, Franklin Lakes, 
New Jersey) to yield approximately 1-2 X 104 hemocytes per well. 
Hemocytes were allowed to attach to the bottom of the wells for I hr at 
room temperature (25 C), the plasma supernatant was removed by pipette, 
and the attached cells were gently washed 3 times with sterile ASW. The 
supernatant plasma was centrifuged at 6,000 g, filter-sterilized with a 0.22-
~m filter unit, supplemented with I 00 ~g/ml of penicillin/streptomycin, 
and added back to the wells containing attached hemocytes at 250 ~I per 
well. The trophozoite suspension was then added to the wells containing 
the attached hemocytes, in the required volumes to attain the desired 
Perkinsus trophozoite:hemocyte ratios (I :2, 1 :4, 1:8, 1: 16, and 4: I, 
depending on each particular experiment), in triplicate wells. 
In the preliminary phagocytosis-intracellular survival experiments, 
phagocytosis was allowed to proceed for selected time periods of between 
5 min and 72 hr, after which Perkinsus spp. culture medium was added to 
the wells (1.8 ml/well). The plates were placed in a 28 C incubator and, as 
the hemocytes died off, proliferation of surviving Perkinsus trophozoites 
was monitored by OD600 measurements (Gauthier and Vasta, 1995) at 
time 0 (control), 1,2, and 4 wk. As controls, wells containing the same 
numbers of Perkinsus trophozoites as used in the phagocytosis assays were 
incubated, with plasma or ASW in absence of hemocytes, during the same 
time course as the experimental wells; Perkinsus culture medium was 
added, and the growth of the parasite was monitored as above. Additional 
controls, to rule out potential pre-existing environmental Perkinsus 
infection of hemocytes, consisted of wells containing equal numbers of 
hemocytes as in the experimental wells, similarly processed but without 
addition of Perkinsus trophozoites, and incubation with Perkinsus culture 
medium. 
This preliminary phagocytosis-intracellular survival assay format was 
optimized by glutaraldehyde treatment of the wells at the end of the 
phagocytosis period, and by its neutralization by glycine (see below) 
before the addition of Perkinsus spp. culture medium to ensure that no live 
P. marinus trophozoites remained outside the hemocytes. 
Identification and enumeration of intra- and extra-hemocytic 
P. marin us trophozoites by fluorescence microscopy 
Perkinsus marinus trophozoites were fluorescently labeled with CM-DiI 
(which is a non-toxic lipophilic fluorescent chloromethylbenzamido 
derivative of photostable carbocyanine DiI [Invitrogen, Carlsbad, 
California]), by incubating 1.5-1.7 X 105 cells with 1 ~I of labeling 
solution, following the manufacturer's instructions, in 500 ~I of either 
Perkinsus culture medium or sterile ASW for 30 min. After labeling, the 
cells were centrifuged at 900 g in a microcentrifuge, and washed twice with 
500 ~I of sterile ASW to remove the unbound CM-DiI reagent, and then 
resuspended in 1 ml of ASW or Perkinsus culture medium at a density of 
1.5 X 105 P. marinus trophozoites per ml, as determined by hemocytom-
eter counts. The stained P. marinus trophozoites were incubated with C. 
ariakensis hemocytes in triplicate wells, as in the phagocytosis-intracel-
lular survival assay described above, at trophozoites:hemocytes ratios of 
1: 16 for 24 hr in 24-well plates in the presence of sterile oyster plasma. 
After the phagocytosis period, the number of both phagocytized and non-
phagocytized intact cells with intense yellow-orange fluorescence was 
determined in triplicate wells, ·in 20 fields of view/well at x400 
magnification with an area of 225 ~m2/field, using an Olympus DP70 
Imaging System (Olympus America Inc., Center Valley, Philadelphia). 
After this initial measurement, Trypan blue (1 0 ~g/ml final concentration) 
was added to each well to quench the fluorescent label of extracellular P. 
marinus trophozoites, and after a 15 min incubation period, the number of 
yell0Ws0range fluorescent cells was counted again, as described above. The 
numbers of extra- and intra-cellular P. marinus trophozoites after the 
24 hr phagocytosis period was determined by subtracting the numbers of 
fluorescently labeled cells, after addition of Trypan blue (intracellular P. 
marinus trophozoites), from the number prior to the Trypan blue 
treatment (total P. marinus trophozoites) in triplicate wells. Integrity of 
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ites would proliferate in Perkinsus spp. culture medium as the 
hemocytes died off. Because it was critical to the assay that all 
proliferating parasites were survivors of the intrahemocytic 
killing, and not those that may have remained extracellular, we 
set up the preliminary experiments at such low trophozoites:he-
mocytes ratios that it would be certain that, at the end of the 
phagocytosis incubation period, all parasites would have been 
internalized. 
Application of this assay to the comparative assessment of the 
ability of cultured P. marinus trophozoites to survive killing by C. 
ariakensis and C. virginica hemocytes revealed that at least a 
fraction of internalized P. marinus trophozoites resisted killing by 
oyster hemocytes and that the parasite remained viable and capable 
of proliferating when Perkinsus spp. culture medium was added. 
Longer phagocytosis incubation periods reduced or delayed 
proliferation, although only at very low trophozoite:hemocyte 
ratios. If the parasite was present at higher numbers, it proliferated 
equally well as the unexposed controls, reaching similar cell 
densities after 2 wk of culture. This observation suggests that there 
is an apparent threshold on the number of phagocytosed 
trophozoites that may be killed by oyster hemocytes in our in vitro 
assay, i.e., if the number exceeds the hemocyte killing capacity, the 
trophozoites survive and overwhelm the phagocytic cell. 
Our observations during this, and prior, studies on in vitro 
phagocytosis of P. marinus trophozoites (Gauthier and Vasta, 
2002) revealed that hemocytes that engulf a large number of 
parasites detach from the surface, become rounded, and 
eventually lyse. Our studies on the susceptibility of cultured P. 
marinus trophozoites to reactive oxygen species demonstrated 
dose-response profiles (Schott et ai., 2003a) that also support this 
threshold hypothesis. Further, our studies on expression, struc-
ture, and function Of superoxide dismutases and ascorbate-
dependent peroxidases in P. marinus trophozoites also buttress 
the notion that increased production of antioxidant. enzymes, by 
multiple trophozoites, would enable them to overcome the 
hemocyte's respiratory burst (Wright et ai., 2002; Schott, Pecher 
et ai., 2003; Schott and Vasta, 2003). In addition, the iron-uptake 
capacity of P. marinus trophozoites, mediated by the cation 
transporter PmNramp (Robledo et ai., 2004), could also 
contribute to depleting hemocytes of the iron necessary to mount 
an effective oxidative response. 
In light of the reported resistance of C. ariakensis to Dermo 
disease (Calvo et ai., 2001), it is noteworthy that the engulfed P. 
marinus survived equally well in C. ariakensis and C. virginica 
hemocytes, The observation that the presence of C. ariakensis 
plasma in the phagocytosis assay promoted parasite proliferation 
confirmed results from a previous study (Gauthier and Vasta, 
2002). Proliferation of the phagocytosed trophozoites after the 
Perkinsus culture medium was added, in virtually all experiments, 
showed a "delay" in reaching the similar cell density as the 
controls. This delay could be due to either intracellular killing of a 
fraction of the phagocytosed trophozoites, which would yield a 
smaller culture inoculum once the medium was added, or, 
perhaps, that the energy cost for the trophozoites of mounting 
an anti-oxidative stress response would negatively affect their 
ability to proliferate at the same rate as the unexposed controls. 
Assessment of the integrity of the fluorescently labeled, phago-
cytosed P. marinus trophozoites revealed that, although a 
considerable number of intact cells could be visualized within 
hemocytes, fragmented trophozoites could also be identified in 
the cytoplasm of many hemocytes, suggesting that, at least in 
part, the delay is caused by a significant reduction in the number 
of viable trophozoites after the phagocytosis, In prior studies, we 
demonstrated that, in P. marinus cultures, the lag time required to 
reach the log phase of growth is inversely proportional to the size 
of the inoculum (Gauthier and Vasta, 1995), thereby supporting 
this interpretation of the results. 
The observation and quantitative assessment of the phagocy-
tized fluorescent P. marinus trophozoites also revealed that, at the 
end of the phagocytosis period, some labeled trophozoites 
remained extracellular---even at the lowest trophozoite:hemocyte 
ratio. Based on prior results from our lab (Gauthier and Vasta, 
2002), and others, concerning the relatively high in vitro 
phagocytosis rates of P. marinus trophozoites by oyster hemo-
cytes, this observation was quite surprising. Our recent data on 
the potential specificity and selectivity of a cell-surface galectin, 
present on the surface of oyster hemocytes for bacteria, 
micro algae, and Perkinsus spp. trophozoites (Tasumi and Vasta, 
2007), would lead us to speculate that a reduced amount, or lack, 
of the surface galactosyl residues required for recognition of 
trophozoites by this hemocyte receptor may be responsible for 
delayed surface attachment or phagocytosis of any galactosyl-
deficient trophozoites. 
To ensure that the proliferation of P. marinus trophozoites 
measured in the phagocytosis-intracellular survival assay was 
only originating from those that had survived phagocytosis, we 
introduced an additional step of glutaraldehyde and glycine 
treatment that was aimed at killing any remaining extracellular P. 
marinus trophozoites, while protecting those already internalized 
by the hemocytes, without negatively affecting the potential 
hemocyte-killing activity. A comparative study on the effect the 
phagocytosis period on the ability of P. marinus trophozoites to 
survive inside C. virginica and C. ariakensis hemocytes, using the 
assay developed, confirmed the previous results (obtained with 
the preliminary study) concerning the similar capacity for 
intracellular survival of P. marinus trophozoites within hemocytes 
from the 2 oyster species. This surprising result suggests that the 
resistance of C. ariakensis to Dermo disease is due to other causes, 
probably related to the differential pathogenicity of the parasite 
for either oyster species, rather than to its infectivity. 
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IS GNATHOSTOMA TURGIDUM AN ANNUAL PARASITE OF OPOSSUMS? DRASTIC 
SEASONAL CHANGES OF INFECTION IN DIDELPHIS VIRGINIANA IN MEXICO 
Yukifumi Nawa*, Marfa del Carmen de la Cruz-Otero, Magda Luz Zazueta-Ramos, Angel Bojorquez-Contreras, 
Josefina Sicairos-Felix, Samuel Campista-Leon, Edith Hilario Torres-Montoyat, Sergio Sanchez-Gonzalest, 
Roberto Guzman-Loreto, Francisco Delgado-Vargas, and Sylvia Paz Dfaz-Camacho:j: 
Facultad de Ciencias Qufmico Biologicas, Universidad Autonoma de Sinaloa, Culiacan, Sinaloa, Mexico. e-mail: spdiazc@uas.uasnet.mx 
ABSTRACT: Gnathostoma turgidum is a nematode that parasitizes the stomach of opossums, Didelphis virginiana, Despite its wide 
distribution in the Americas, its natural life cycle is poorly understood. Recently, we found an endemic area for G. turgidum infection in 
Sinaloa, Mexico (Diaz-Camacho et aI., 2009). Based on sporadic surveys for several years, the prevalence was apparently high in 
summer and extremely low in winter. To confirm that this is really a seasonal variance, we conducted a longitudinal survey on G. 
turgidum infection in opossums from November 2007 to November 2008. The results showed amazing seasonal changes in the 
prevalence, with synchronized migration and maturation of worms in opossums. Between February and March, many juvenile worms, 
with occasional AL3, were found in the liver, but no worms were found in the stomach, Mature adult worms began to appear in the 
stomach around April and rapidly increased in number toward July, when all worms resided in the stomach, Then, the worms 
disappeared almost completely by November. These results suggest that G. turgidum is an annual parasite of the opossum, D, 
virginiana, in Mexico, 
Gnathostoma includes important zoonotic pathogens for 
humans (Waikagul and Diaz-Camacho, 2007). In the Americas, 
G. americanum, G. binucleatum, G. miyazakii, G. procyonis, and G. 
turgidum are found in natural hosts. Although G. brasiliense and 
G. didelphis were recorded as independent species (Daengsvang 
1980), they are also considered as synonyms of G, turgidum 
(Miyazaki, 1991). Recently G. lamothei was added as a new 
species (Bertoni-Ruiz et a!., 2005). Thus, at least 6 Gnathostoma 
spp. can be recognized as native in the Americas. Among these, 
only G, binucleatum is known to be a pathogen for humans 
(Almeyda-Artigas et a!., 2000; Le6n-Regagnon et aI., 2002). 
Because human gnathostomosis is an emerging public health issue 
in Mexico (Lamothy-Argumedo, 2003; Waikagul and Diaz-
Camacho, 2007), extensive surveys have been conducted to 
identify the intermediate/paratenic hosts for G. binucleatum 
(Lamothe-Argumedo, 1997; Diaz-Camacho et aL; 2002; Sal-
gado-Maldonado, 2006; Alvarez Guerrero and Alba-Hurtado, 
2007). In Mexico, in addition to G. binucleatum, G. turgidum 
(Caballero y Caballero, 1958) and G. lamothei (Bertoni-Ruiz et 
a!., 2005) have been found in wild animals. However, the natural 
life cycle of Gnathostoma spp., other than G. binucleatum, has not 
been resolved and their larvae have not been found in 
intermediate/paratenic hosts. Recently, we reported an endemic 
area of G. turgidum in opossums, D. virginiana, in the southern 
part of Sinaloa State, Mexico (Diaz-Camacho et a!., 2009). 
In sporadic surveys conducted over several years, the preva-
lence of G. turgidum in opossums was found to be high in summer 
and extremely low in winter (Diaz-Camacho et a!., 2009). To 
confirm this seasonal change, we conducted a longitudinal survey 
on G. turgidum infection in opossums, D, virginiana, for 12 mo in 
Sinaloa, Mexico. The results showed a clear-cut synchronized 
infection pattern, with tissue migration and maturation of the 
worms in the opossum hosts, suggesting that G. turgidum is an 
annual parasite in this study area. 
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MATERIALS AND METHODS 
Parasitological methods 
In total, 117 opossums, D, virginiana, were collected by local hunters 
between November 2007 and November 2008, near a small water body, 
Ojo de Agua (22°45'28"N, 105°40'25"W), in Tecualilla, Sinaloa, Mexico, 
The hunting was, however, practically impossible during the rainy season, 
i.e., from late July to early October, because of local flooding at the 
sampling site. Also, in the rainy season, opossums move to live in mango 
farms nearby the study site where ripe fruit and freshwater are easily 
accessible. The bodies of opossums were packed in ice for transportation 
to our laboratory and examined within 48 hr after being killed. The 
thoracic and abdominal viscera were removed en masse and each organ! 
tissue was visually examined for the presence of worms, and occasionally 
by compressing tissues between 2 glass plates. A dissecting microscope and 
a large hand lens were used when necessary. Although special attention 
was paid to the stomach and liver tissues, other organs and tissues, 
including the spleen, intestine, kidney, omentum, etc" and the peritoneal 
cavity, were also carefully examined. 
Morphologic and morphometric examination of worms was performed 
routinely using dissecting and light microscopy, The majority of worms 
were fixed in 10% formalin for further re-examination, except for few 
specimens fixed in Karnovsky's solution for scanning electron microscopy 
and a few fixed in 90% ethanol for DNA extraction for molecular 
analyses. 
Data analysis 
Descriptive statistics were carried out using the Microsoft Excel data 
sheet (Microsoft Co., Seattle, Washington). 
RESULTS 
In total, 117 opossums, D. virginiana, were examined from 
November 2007 to November 2008. Although the prevalence was 
highly variable depending on the time examined, the average 
prevalence of G, turgidum in opossums in Tecualilla was about 
50%, ranging from 0% in winter to 100% in the spring and 
summer (Fig. I). The mean intensity of infection was also variable 
and essentially paralleled the prevalence (Fig. I). In November 
and December 2007 and November 2008, a relatively cold and dry 
season, 42 opossums were examined and only 1 worm was found 
in the"stomach of I opossum captured in November 2007 and 
another in December 2008. Thus, 2 (4.8%) of 42 were positive in 
the cold dry season. In early February, juvenile worms with a few 
AL3 were found exclusively in the liver, but none was observed in 
the stomach. The prevalence rapidly increased to nearly 90% at 
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FIG RE I. easonal changes of the preva lence (co lumns) and the mea n 
intensity (lines) of C. IlIrgidlllll infection in opossums. Didelphis I'irgillialla. 
the middle to the end of February a nd 100% in March . In pril , 
the prevalence wa still 100%, a nd adult wo rm began to a ppear 
in the tomach , a lthough the majority of wo rm remained in the 
liver ( Fig. 2a , 2b). t thi time, adult worms were fo und 
occa ionally in the diaphragm, inte tinal serosa (Fig. 2c) , a nd 
the peritoneum. In May, the majority o f wo rm were fo und in the 
tomach (Fig. 2d). Tho e remaining in the liver were a l 0 mo tly 
mature becau e female wo rm were releasing egg; by July, wo rm 
were exclu ively fo und in the tomach. Beca u e of the difficultie 
in ca pturing o pos um in the rainy season, only I o po sum per 
month was exa mined in ugu t a nd September; both were free o f 
worms. 
The synchronized migration and maturation o f C. lurgidulIJ in 
opo um wa evident not only by the chronological hift in the 
di tribution patterns of worm in the tis ue (Fig. 3), but a l 0 by 
the increase in ize o f wo rms in the li ver in May a nd in the 
stomach in July (Fig. 4). There wa no significant correlation 
between the number o f worm a nd the body weight of the ho t 
o po sums (,.2 = 0.01 4. Fig. 5), suggesting that the number o f 
wo rms in each a nimal doe not depend o n ava ilable nutrient. 
FI L'Rr 2. C. lurg idlllll worms (arrows) in va rious ti ue of opossums. (a, b) o-exi tence of worm in the liver a nd tomach. (c) An adu lt worm 
migrating underneath the intesti nal erosa . (d) du lt \ orms in the typical nodula r lesions of the stomach . 
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DISCUSSION 
Gnathostoma turgidum was first described more than 100 yr ago 
as a gastric parasite of Didelphis azarae (=D. paraguayensis) 
captured in Argentina (Stossich, 1902). Since then, this species has 
been sporadically found in several countries of the Americas 
(Travassos, 1925; Dikmans, 1931; Chandler, 1932; Foster, 1939; 
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FIGURE 4. Comparison of the size of G. turgidum worms in the liver (in 
April) and those in the stomach (in July) of opossum. M, males; F, 
females. Note that the worms obtained from the liver in April were smaller 
than those obtained from the stomach in July. 
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FIGURE 5. Plot showing lack of correlation between the body weight of 
opossums and the number of worms. 
Caballero y Caballero, 1958; Miyazaki et ai., 1976; Akahane et 
ai., 1998; Lamothe-Argumedo et ai., 1998; Monet-Mendoza et ai., 
2005; Almeyda-Artigas, pers. comm.). However, all of the 
previous studies reported just the coincidental discovery of a 
few worms in 1, or just a few, opossums in a single locality on a 
single occasion. Together with our previous report of the 
discovery of an endemic area of G. turgidum in opossums in 
Mexico (Diaz-Camacho et ai., 2009), the present results clearly 
show that G. turgidum adult worms are found in the stomach of 
opossums only from April to July. Even if the earlier appearance 
of worms in the liver of opossums is considered, G. turgidum 
worms are detectable in opossums for only 6 mo of the year 
(Figs. 1, 3). This obvious seasonal change in prevalence would 
explain why G. turgidum was found only sporadically in previous 
studies. 
Seasonal change in the prevalence of Gnathostoma spp. has been 
reported repeatedly for G. procyonis infection in raccoons 
(Chandler, 1942; Johnson, 1970; Lockhart, 2007). However, Ash 
(1962) suggested no apparent seasonal prevalence of G. procyonis in 
Louisiana. Moderate seasonal changes in the prevalence, intensity, 
and sexual maturation of G. spinigerum infection in dogs were also 
reported in Thailand, with predominance of infection in rainy 
seasons (Maleewong et ai., 1992). Moreover, the prevalence of 
infection with G. spinigerum AL3 in swamp eels was also higher 
during the rainy season in Thailand (Rojekittikhun et ai., 1998). 
In the present study, the' prevalence and the intensity of 
infection, as well as the maturation of worms all peaked just 
before the rainy season. Gnathostoma spp. are known to infect 
copepods as first intermediate hosts and freshwater fishes or 
amphibians as second intermediate/paratenic hosts (Miyazaki, 
1960j0-'1991). Therefore, it is quite feasible that the infection and 
maturation of worms peaked near the rainy season. 
Our findings for seasonal change in the prevalence were quite 
apparent, with the timing of migration and maturation of worms 
fully synchronized in the opossum hosts. Moreover, the intensity 
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of infection in individual opossums was independent of the body 
weight. These results strongly suggest that G. turgidum is an 
annual parasite for opossum in our study area. 
The present results showed that the majority of worms found in 
the liver of opossums in early February were maturing juveniles, 
suggesting that actual infection with AL3 occurred a few months 
before February. A more intensive survey is needed, however, 
during September to January. In our study, visceral organs of 
opossums were examined visually. To detect small AL3 more 
efficiently, a pepsin-RCl digestion method should be added. After 
an extensive survey for 10 yr, we have found only G. binucleatum 
AL3, but no G. turgidum AL3, in fish or other animals in this area 
(Diaz-Camacho et aI., 2002, 2008). A more intensive examination 
on copepods, fish, and other animals should be conducted, 
especially in the flooded forest area created during the rainy season. 
More necropsies of naturally infected opossums are needed in 
the field during the peak of infection from May to July toward the 
suspected decline of infection in August and September. Also, 
monitoring of the fate of both parasites and live hosts by fecal egg 
examination is required to fully understand the seasonal cycle of 
this species. The drastic seasonal changes in the prevalence of 
intestinal helminths in herbivorous grazing animals is known as 
the immune-mediated "self-cure" phenomenon (Stewart, 1955; 
Adams, 1983). The possible involvement of immune-mediated 
elimination in the expulsion of G. turgidum from opossums should 
be examined by experimental infection studies. 
Finally, the present results clearly showed a seasonal prevalence 
of G. turgidum infection in opossums. Further study in other 
endemic areas is necessary to clarify whether this seasonal change 
in infection is unique to our study area or common for G. 
turgidum in opossums. 
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IN VITRO CULTIVATION OF MICROPHALLUS TURGID US (TREMATODA: MICROPHALLIDAE) 
FROM METACERCARIA TO OVIGEROUS ADULT WITH CONTINUATION 
OF THE LIFE CYCLE IN THE LABORATORY 
Oscar J. Pung, Ashley R. Burger, Michael F. Walker*, Whitney L. Barfield, Micah H. Lancaster, and Christina E. Jarrous 
Department of Biology, Georgia Southern University, P,O. Box 8042, Statesboro, Georgia 30460-8042, e-mail: opung@georgiasouthern.edu 
ABSTRACT: In vitro cultivation of trematodes would aid studies on the basic biology of the parasites and the development of 
chemotherapies and vaccines, Our goal was to measure the in vitro survival and maturation of metacercariae of Microphallus turgidus 
under different culture conditions. Metacercariae of M turgidus from grass shrimp (Palaemonetes pugio) were excysted and cultured in 
humidified air at 37 C in RPMI-1640 medium supplemented with 20% calf, chicken, or horse serum, Deposition of eggs was greatest in 
media containing horse or calf serum, Worms survived longest at 37 C, but did not produce greater numbers of eggs than worms 
cultured in RPMI-1640-supplemented horse serum at 42 C. Most eggs deposited in vitro (>80%) were normal in shape and, after 
incubation for 10 days at 30 C in brackish water, approximately 30% of them contained miracidia, Eighteen percent of hydrobiid snails 
(Spurwinkia salsa) fed these eggs shed cercariae 5-6 wk later. The cercariae were infective to grass shrimp (Palaemonetes vulgaris) and 
developed into metacercariae, This study is significant because it is the second instance in which a digenean, and the first time that a 
microphallid, has been demonstrated to develop in vitro from metacercariae into adult worms capable of producing infective eggs, 
Digeneans cause considerable debilitation and death in humans 
(Colley et aI., 2001), The problem is compounded by major 
economic and nutritive losses due to the effects of the parasites on 
livestock (Hein and Harrison, 2005; Waller, 2006), Safe and 
effective antitrematode vaccines, anthelmintic drugs, and control 
measures are an urgent need (Johnston et aI., 1999), but a major 
impediment to their development is the complexity of trematode 
life cycles, Digeneans typically pass through multiple develop-
mental stages, each requiring a different host. Duplication of the 
necessary host environments in vitro is difficult, so in vivo studies 
and short-term culture of trematodes from infected animals are 
used to test chemotherapeutic agents (Helmy et aI., 2008), Long-
term in vitro growth of digeneans would improve anthelmintic 
efficacy testing (Horton, 2000) and lessen ethical concerns 
regarding the use of vertebrates as experimental hosts (Irwin, 
1997), Similarly, long-term in vitro culture of trematodes would 
be of value in genomic research (Horton, 20(0); vaccine 
development; diagnostic testing; experiments concerned with 
mechanisms of trematode resistance to chemotherapy and host 
immunity; as well as basic research into trematode development, 
physiology, and behavior (Smyth, 1990; Irwin, 1997; Coustau and 
Yoshino, 2000). 
No digenean has been grown in axenic culture from egg to 
adult, but different stages in the life cycle of several have been 
completed in the laboratory. For example, cercariae of Echinos-
toma caproni and Echinostoma cinetrochis encyst and mature into 
metacercariae in vitro (Fried and LaTerra, 2002; Park et aI., 
2006). Rediae of Fasciola hepatica and the echinostome Himasthla 
elongata can be maintained in culture and produce daughter 
rediae and cercariae (Augot et aI., 1997; Gorbushin and 
Shaposhnikova, 2002). The intramolluscan life cycle of Schisto-
soma mansoni was completed in vitro by cocultivating larval S. 
mansoni with a Biomphalaria glabrata embryonic cell line 
(Coustau and Yoshino, 2000). 
There has been less success in developing culture systems that 
fully replace the definitive hosts of digeneans. Several investigators 
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have demonstrated that excysted metacercariae can be maintained 
up to several days in vitro by growing them in media containing 
various supplements. The worms often develop into ovigerous 
adults, but the eggs produced are frequently malformed or 
unembryonated (reviewed by Smyth, 1990; Irwin, 1997). The sole 
exception is the culture system developed by Basch et al. (1973), who 
succeeded at growing the strigeid Cotylurus lutzi from metacercariae 
to adults that produced embryonated eggs yielding miracidia 
infectious to B. glabrata snails. Culture of adult trematodes in 
fertile chicken eggs has also been extensively investigated (Fried and 
Stableford, 1991) and, in at least I case, metacercariae of a 
microphallid (Microphallus primus) grown in ovo produced eggs 
capable of infecting snail hosts (Saville and Irwin, 1991). 
Trematodes with progenetic development should be good 
candidates for in vitro cultivation because they do not require 
long-term culture to develop into egg-producing adults (Irwin, 
1997). Microphallid metacercariae display varying degrees of 
progenesis and usually possess well-defined genitalia (Davies and 
Smyth, 1979). A microphallid of interest to us is Microphallus 
turgidus. This parasite is abundant in brackish water marshes 
along the coast of the southeast United States. Hydrobiid snails, 
including the salt marsh hydrobiid Spurwinkia salsa, serve as first 
intermediate host for the parasite (Heard and Overstreet, 1983; 
Pung et aI., 2008). Palaemonetes pugio and Palaemonetes vulgaris 
grass shrimp are common second intermediate hosts in brackish 
marshes. Microphallus turgidus is the only species of digenean 
metacercaria we have observed in these shrimp on the Georgia 
coast (Pung et aI., 2002). Crustacean-eating birds and mammals, 
including the clapper rail (Rallus longirostris) and the raccoon 
(Procyon lotor), are definitive hosts of the parasite (Leigh, 1958; 
Heard, 1970). Metacercariae of M. turgidus can be obtained in 
large numbers from the daggerblade grass shrimp (P. pugio) and 
the parasites readily excyst in ·warm physiological saline (Pung et 
aI., 2002; Khan et aI., 2003). The objective of the present study 
was to assess the conditions required to culture M. turgidus 
metacercariae in the laboratory with the goal of replacing the 
definitive host as a source of adult parasites. Culture-medium 
temlil~rature and 3 types and concentrations of animal sera 
supplements were evaluated by measuring in vitro survival of 
excysted metacercariae, egg production, and embryonation. 
Hydrobiid snails were fed culture-produced M. turgidus eggs to 
test their viability, and the life cycle of the parasite was continued 
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in the laboratory by infection of grass shrimp with cercariae from 
experimentally infected snails. 
MATERIALS AND METHODS 
Dip nets were used to collect grass shrimp, P. pugio or P. vulgaris, along 
the Skidaway and Ogeechee Rivers in southeast Georgia. Shrimp were 
maintained on a 12 hr light-dark cycle in artificial brackish water (Instant 
Ocean®, Aquarium Systems Inc., Mentor, Ohio) prepared with dechlori-
nated tap water with salinity adjusted to 23 parts per thousand (ppt). 
Animals were fed to satiation twice a week with tropical fish food flakes 
(TetraMin®, Tetra Werke, Melle, Germany). Shrimp were identified using 
morphological attributes described by Anderson (1985). 
Metacercariae were identified as previously described (Pung et aI., 2002). 
To culture worms, metacercariae were dissected from infected P. pugio grass 
shrimp and allowed to excyst in warm 0.7% saline. Excysted worms were 
washed 3 times in Hank's balanced salt solution (HBSS; HyClone, Logan, 
Utah) containing penicillin and streptomycin (50 unitslml and 50l1g/ml, 
respectively) and incubated overnight at 37 C. The next day, worms were 
transferred to a 24-well tissue culture plate (5 worms/well; BD Falcon, 
Franklin Lakes, New Jersey) containing 2 mlIwell of RPMI-1640 with 
HEPES buffer [4-(2-Hydroxyethyl)piperazine-I-ethanesulfonic acid) and L-
glutamine (HyClone, Logan, Utah) supplemented with penicillin and 
streptomycin and either heat-inactivated horse, calf (GIBCO, Grand Island, 
New York), or chicken (Fisher Scientific, Atlanta, Georgia) serum. Worms 
were incubated at 37 or 42 C in a humidified incubator with a gas phase of 
air and monitored for survival every other day by visual examination with 
an inverted microscope (X32-100). Worms were considered dead when they 
failed to move after 30 sec of observation. 
To quantify in vitro egg production, the contents of each culture plate 
well were transferred to a preweighed 15-ml centrifuge tube. The wells 
were rinsed 2 times with I ml of 0.7% saline, and rinsate was added to the 
tubes. Tubes were centrifuged in swinging bucket rotors at ISO g for 
5 min. Most of the supernatant fluid was removed and the tubes 
reweighed to determine remaining liquid volume. Egg pellets were 
resuspended by vortexing, and duplicate counts of eggs were made with 
the use of a hemacytometer. Egg counts were employed in conjunction 
with liquid volume to calculate the total number of eggs deposited per 
worm. Eggs remaining in utero were not counted. 
The infectivity of eggs produced in culture was determined as follows. 
Hydrobiid snails (s. salsa) were collected from high marsh sediments 
along the Skidaway River as previously described (Pung et aI., 2008). 
Snails were screened for natural trematode infection by placing individual 
animals in the wells of 24-well tissue culture plates containing 2 ml of 
artificial brackish water prepared as above and incubated at 30 C on a 12-
hr light--<iark cycle. An inverted microscope was used to examine each well 
twice a week for the presence of trematode cercariae, after which snails 
were given fresh water and fed microalgae (15 III of Shellfish Diet, Reed 
Mariculture, Inc., Campbell, California, diluted 1:10 in brackish water). 
Snails shedding cercariae were discarded. Snails not producing cercariae 
within the 4-wk time period were used in laboratory infection studies. In 
the first infection experiment, the snails were fed 5, 10, 20, or 40 M. 
turgidus eggs produced during 5 days of in vitro culture at 37 C in RMPI-
1640 containing 20% horse serum and then incubated at 30 C on a 12-hr 
light--<iark cycle for 0, 10, 20, and 30 days in brackish water containing 
penicillin and streptomycin (n = 4 snails/treatment). Control snails were 
not exposed to M. turgidus eggs. All snails were then fed and screened for 
cercariae production for 8 wk as described above. After 8 wk, all snails 
that had not shed microphallid cercariae were crushed in a drop of 
brackish water and examined for infection with the use of an inverted 
microscope. Snails found infected with other parasites (nematodes most 
commonly) are not included in the results. A second snail infection study 
was performed as above, except that worms were cultured at 42 C and 
snails were fed 10, 20, 40, or 80 eggs incubated as above for 10, 20, or 30 
days (n = 6 snailsltreatment). A sample of 50 eggs was examined 
microscopically at each incubation time interval to determine the numbers 
of embryonated eggs and the number of eggs containing miracidia. Snails 
were not standardized with regard to size in either study. 
The infectivity of cercariae from laboratory-infected snails was also 
tested. Wild-caught juvenile P. vulgaris grass shrimp (n = 30) were 
maintained in the laboratory for 3 wk at 25 C to permit the development 
of naturally occurring AI. turgidus metacercariae. A dissecting microscope 
was then used to observe and count the number of metacercariae through 
the transparent integument of the shrimp and each animal was housed 
individually in I L of artificial brackish water. Next, 3-5 laboratory-
infected snails, i.e., snails that shed cercariae 5-6 wk after being fed M. 
turgidus eggs produced in culture, were placed in 60 X 15-mm Petri dishes 
containing 10 ml of artificial brackish water and incubated overnight at 
30 C. The next day, snails were removed from the dishes and a dissecting 
microscope was used to estimate the number of active cercariae 
(approximately 50-350). An individual shrimp (n = IS) was placed in 
each dish for 30 min and then returned to the I-L containers. Control 
shrimp (n = IS) were treated as above, but not exposed to cercariae. 
Metacercariae in all shrimp were recounted 3 wk after experimental 
infection. Palaemonetes vulgaris was used as the experimental host because 
it is susceptible to M. turgidus infection, but in contrast to the grass shrimp 
P. pugio, the prevalence and intensity of the parasite in P. vulgaris is quite 
low (Pung et aI., 2002). This simplified the observation and quantification 
of new metacercariae following experimental infection. 
Data were analyzed with the use of JMP® statistical software (SAS 
Institute Inc., Cary, North Carolina). When data were distributed 
normally, I-way analysis of variance (ANOVA) was used to compare 
egg numbers and the Tukey-Kramer honest significant difference test was 
used to identify pairs of means that were significantly different. When data 
were not distributed normally, the nonparametric Kruskal-Wallis test was 
used to compare egg numbers and Mann-Whitney U-tests were used to 
identify pairs of means that were significantly different with probability 
values adjusted for multiple mean comparisons (Wright, 1992). The 
Kruskal-Wallis test was also used to compare the intensity of infection in 
laboratory-infected and control grass shrimp. Each egg number data point 
represents a mean value (± I SD) of at least 6 culture wells. G-tests were 
used to compare the percentage of worms surviving under different culture 
conditions and to compare the percentage of snails infected after exposure 
to eggs incubated at 30 C for different time periods. Worm survival data 
points represent a minimum of 30 individual animals. A chi-square test 
was used to compare the percentage of experimentally infected hydrobiid 
snails to the percentage of infected controls. 
RESULTS 
After 24 hr in culture, M turgidus metacercariae developed into 
ovigerous adults and began to deposit eggs into the culture 
medium. To study the effect of various animal sera on in vitro 
survival of the worms and egg deposition, excysted metacercariae 
were cultured for 12 days at 37 C in RPMI-1640 supplemented 
with and without 20% chicken, horse, or calf serum. The 
percentage of worms alive after 12 days was higher in media 
supplemented with animal sera (G-test, G = 20.7, df = 3, P < 
0.001). The greatest percent survival was observed in worms 
grown in medium containing calf or horse serum (Fig. lA). There 
also was a difference between the number of eggs deposited by M. 
turgidus in the presence and absence of the different animal sera 
(Kruskal-Wallis, H = 12.4, df = 3, P < 0.006; Fig. IB). The 
number of eggs deposited by worms grown in either 20% calf or 
horse serum was greater than that of worms in control medium 
lacking serum (calf serum V-test; H = 8.3, df = 1, P < 0.01; horse 
serum V-test; H = 8.3, df = 1, P < 0.01). The number of eggs 
deposited by worms in media containing chicken serum did not 
differ from that of worms cultured in medium alone. There was 
no significant difference between calf and horse serum with 
respect to egg deposition. 
To verify that the observed effect of horse serum supplemen-
tation on egg production was not unique to our original lot of 
seruIllo~3 different horse-serum lots were tested at a concentration 
of 20%. There was no difference between lots with respect to egg 
deposition. Worms grown in all 3 lots of serum deposited more 
eggs than worms grown in RPMI-1640 alone (Kruskal-Wallis, H 
= 13.2, df = 3, P < 0.004; V-test, P::s 0.02 for each lot; Fig. 2A). 
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FIGURE 1. Survival of excysted metacercariae of the trematode 
Microphallus turgidus in RPMI-1640 medium with and without animal 
sera supplementation (A) and number of eggs deposited by worms (B) 
after 12 days in culture at 37 C in a gas phase of air. Asterisk indicates 
significantly different from control cultures containing no serum but not 
from each other. Each value in B is a mean ± 1 SD. 
To determine the optimal concentration of horse serum, worms 
were cultured at 42 C in RPMI-I640 supplemented with 6 
concentrations of serum ranging from 0 to 40% (Fig. 2B). There 
was a significant difference between serum concentrations with 
respect to egg production (ANOVA; df = 5,83; F ratio = 2l.7; P 
< 0.0001). The numbers of eggs deposited by worms cultured in 
both 20 and 40% serum were greater than that of control cultures 
containing no serum but not from each other. Similarly, there was 
no significant difference between 20 and 40% horse serum with 
respect to worm survival time (not shown). 
The effect of culture temperature was examined by comparing 
worm survival and egg production at 37 C and 42 C in RPMI-
1640 supplemented with 20% horse serum. The increase in 
temperature to 42 C dramatically decreased worm survival time 
(Fig. 3A), but had no effect on total egg production and 
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decreased the time to peak egg production from approximately 
day 10 or 12 of culture at 37 C to day 5 of culture at 42 C 
(Fig. 3B). 
Most of the eggs produced by M. turgidus in vitro (>80%) were 
normal in shape. After incubation for 10 days at 30 C in brackish 
water, approximately 30% of the eggs appeared to contain 
miracidia and the remainder contained embryos in various stages 
of development (Fig. 4). Eggs containing miracidia were tanned 
with a pronounced shoulder around the operculum. There was no 
increase in the percentage of eggs containing miracidia after 20 or 
30 days of incubation. 
Worms cultured at both 37 and 42 C produced eggs infective to 
the hydrobiid snail S. salsa. Seven of 52 snails (13.5%) fed 
cultured M. turgidus eggs in the first snail infection experiment 
(worms cultured at 37 C) and 12 of 53 snails (22.6%) in the second 
(worms cultured at 42 C), shed microphallid cercariae after 5-
6 wk at 30 C. None of the control snails shed cercariae during this 
time interval. A small number of control snails (2 snails in 
Experiment 1 and 3 in Experiment 2) and 2 of the snails fed 
cultured eggs in the second experiment began to shed micro-
phallid cercariae during the first or second week of the 
experiments and probably represent animals infected in the wild. 
When all infected snails are included in the analyses (Table I) 
there was no difference between the prevalence of infection in 
experimental or control snails in the first experiment, but there 
was a higher prevalence of infection in the experimental group in 
the second experiment (X2 = 7.8, df = 1, P > 0.005). Nearly 90% 
of the experimentally infected snails were exposed to a minimum 
of 20 eggs and there was no evidence that egg numbers as high as 
80 resulted in snail mortality. There was no significant difference 
between the percentages of infected snails and egg incubation 
time. 
The number of metacercariae observed in experimentally 
infected P. vulgaris shrimp 3 wk after exposure to cercariae from 
snails infected with cultured M. turgidus eggs was significantly 
higher than the number of metacercariae observed both before 
infection and in control shrimp (Kruskal-Wallis, H = 26.3, df = 
3, P < 0.0001; U-test, P ::; 0.001 for each comparison; Fig. 5). 
DISCUSSION 
To simulate the definitive host environment encountered by 
digenean metacercariae, investigators have cultured excysted 
worms in buffered physiological salt solutions such as HBSS 
(Davies and Smyth, 1979) or chemically defined, buffered media 
that contain various amino acids, carbohydrates, and vitamins. 
These more complex media include RPMI-I640 (Chaithong et aI., 
2001), different formulations of NCTC medium (Bt(rntzen and 
Macy, 1969; Basch et aI., 1973; Fried and Contos, 1973), and 
Eagle's minimum essential medium (Fujino et aI., 1977). The 
medium may be supplemented with animal sera (Basch et aI., 
1973; Fujino et aI., 1977; Davies and Smyth, 1979), tissue extracts 
(Basch et aI., 1973), blood cells or yeast extract (Davies and 
Smyth, 1979; Chaithong et ai, 2001), or hen's egg yolk (Berntzen 
and Macy, 1969; Fried and Contos, 1973). Cultures are often 
maiI].tained at temperatures comparable to that of the definitive 
host (Irwin, 1997) in a gas phase of air (Basch et aI., 1973; Fujino 
et aI., 1977; Davies and Smyth, 1979) or different concentrations 
of O2, CO2, or N2 (Berntzen and Macy, 1969; Davies and Smyth, 
1979; Chaithong et aI., 2001). The literature suggests that, at least 
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with regard to egg production, there is no clear advantage of 1 
combination of the above media, supplements, and gas phases 
over another. What works well in 1 laboratory may not in 
another, perhaps due to the specific requirements of the parasite 
under investigation. 
Progenetic trematodes produce eggs in basic, un supplemented 
salt solutions (Fujino et a!., 1977) but worm longevity, 
development, and egg production are enhanced by the addition 
of nutrient supplements (Basch et a!., 1973; Fried and Contos, 
1973; Davies and Smyth, 1979; Fredensborg and Poulin, 2005). In 
the present study, we tested RPMI-I640 medium with and 
without the addition of animal sera on survival and development 
of M. turgidus metacercariae. We found that the worms lived 
longer and deposited more eggs in medium containing either 
horse or calf serum. Though there was no significant difference 
between these 2 sera with respect to worm longevity or egg 
production, worms cultured in horse serum often deposited 8-
10% more eggs than those grown in calf serum. In addition, 
because there were no differences between 3 available lots of horse 
serum with respect to egg production or worm survival, we 
decided to use horse serum in the remaining studies. There was no 
benefit in increasing the concentration of horse serum above 20%. 
Though birds are a common definitive host for M. turgidus 
(Heard, 1970), we noted that worms grown in chicken serum-
supplemented medium produced no more eggs than those 
cultured in RPMI-I640 alone. This contradicts observations 
made by others that chicken serum enhances trematode egg 
production in culture (Basch et a!., 1973; Fredensborg and Poulin, 
2005). Our findings may be specific to M. turgidus or, more 
simply, to the lot of chicken serum tested. 
The most appropriate temperature for in vitro cultivation of 
adult trematodes may be that of their definitive hosts (Irwin, 
1997). Microphallus turgidus metacercariae infect mammals 
(Leigh, 1958) and birds (Heard, 1970). Consequently, we tested 
the effects of the approximate body temperatures of both avian 
and mammalian hosts on worm survival and egg production. As 
expected, worms lived longer at 37 C than at 42 C. The maximum 
survival time of worms cultured at 42 C was approximately half 
that of worms cultured at the lower temperature. However, the 
parasites deposited comparable numbers of eggs at both 
temperatures. Also, worms cultured at both temperatures 
produced viable and infective eggs. Consequently, both 37 and 
42 C appear to be suitable temperatures for egg production. 
Though there was no difference between egg incubation times 
with respect to the prevalence of infection in snails, our results 
suggest that the optimal incubation time at 30 C is 10 days. 
Longer times did not result in the appearance of more miracidia-
containing eggs or greater numbers of infected snails. It is not 
possible at this time to state the minimum and maximum infective 
number of cultured M. turgidus eggs. Most of the infected snails 
were fed at least 20 eggs and there was no mortality among snails 
fed up to 80 eggs. However, because the eggs are only 20 !lm in 
length, it was not possible to determine how many were actually 
consumed and, though 30% of the eggs contained miracidia by 
day 10 of incubation, we did not test their viability other than in 
the snail infection experiments. 
Several researchers have cultured excysted metacercariae in 
conditions that resulted in growth of the worms into ovigerous 
adults (reviewed by Smyth, 1990; Irwin, 1997). However, the eggs 
produced were often malformed or unembryonated (Fried et a!., 
1978; Davies and Smyth, 1979; Schnier and Fried, 1980; 
Fredensborg and Poulin, 2005). This phenomenon may be due 
to premature tanning of eggshell precursors within the vi tell aria 
and ducts or failure of fertilization (Davies and Smyth, 1979). In 
contrast, most of the eggs produced by M. turgidus in culture were 
normal in shape. Also, many of the eggs were embryonated and 
produced miracidia within 10 days of incubation in brackish 
water at 30 C. Other investigators have reported in vitro 
production of normal, miracidium-containing eggs, but did not 
test them for infectivity to snail hosts (Berntzen and Macy, 1969; 
Yasuraoka et a!., 1974). Consequently, it is difficult to assess their 
findil),Ss. To our knowledge, there is only I report of in vitro egg 
production by a digenean with the demonstration that resulting 
miracidia were infective to snails (Basch et a!., 1973). In that 
study, the strigeid C. lutzi, when cultured in medium containing 
an extract of chicken upper intestinal mucosa, produced infective 
c 
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TABLE I. Eggs produced by Microphallus turgidus worms grown in vitro are infective to the hydrobiid snail Spurwinkia salsa. Eggs were obtained from 
worms cultured 5 days at 37 C (Experiment 1) or 42 C (Experiment 2) in RPMI-1640 medium supplemented with 20% horse serum. To permit 
embryonation and development of miracidia, eggs were then incubated for up to 30 days in brackish water at 30 C on a 12-hr light-dark cycle. Snails, 
previously monitored 4 wk at 30 C for natural infection, were fed 5-80 eggs and monitored at 30 C biweekly for 8 wk for cercariae production. Control 
snails were not exposed to M. turgidus eggs but maintained and monitored as above. The infected control snails and 2 of the snails fed cultured eggs in 
the second experiment began to shed microphallid cercariae during the first or second week of the studies and probably represent animals infected in the 
wild. All other infected snails began to shed cercariae 5-6 wk after exposure to eggs from culture. 
o 
10 
20 
30 
Egg incubation time (days) 
Total for experimentally infected snails 
Control snails 
Percent snails infected (no. infectedltotal no. snails) 
Experiment 1 
8.3 (1112) 
21.4 (3/14) 
15.4 (2/l3) 
7.7 (1/l3) 
l3.5 (7/52) 
3.6 (2/55) 
Experiment 2 
Not done 
33.3 (6/18) 
25.0 (4/16) 
15.8 (3/19) 
24.5* (l3/53) 
5.7 (3/53) 
• Prevalence of infection significantly higher in snails exposed to M. turgidus eggs from culture than in control snails (P < 0.005). 
In our study, eggs produced by M. turgidus worms grown in 
culture were infective to hydrobiid snails. A small percentage of 
the control snails and 2 of the snails exposed to eggs from culture 
shed cercariae in within the first 2 wk of the infection 
experiments. However, we believe these snails represent animals 
infected in the wild shortly before collection and that the parasites 
infecting them had not developed fully by the end of our 4-wk-
long, 30-C preinfection screening. Previous studies in our 
laboratory (not shown) indicate that over 90% of wild-collected, 
microphallid-infected snails are detected within 4 wk at 30 C and 
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FIGURE 5. Cercariae from hydrobiid snails (Spurwinkia salsa) infected 
with Microphallus turgidus eggs produced in vitro are infective to grass 
shrimp (Palaemonetes vulgaris). Wild-caught P. vulgaris shrimp were 
maintained in the laboratory for 3 wk to permit the development and 
quantification of naturally occurring M. turgidus metacercariae. Half of 
the shrimp (n = 15) were then exposed to M. turgidus cercariae and all 
shrimp were reexamined 3 wk later to recount numbers of metacercariae. 
Asterisk indicates significantly different from unexposed controls and Day 
o exposed shrimp (P < 0.001). Each value is a mean ± 1 SD. 
that no infected snails are detected after 6-7 wk. Based on this 
observation, we concluded that prescreening of wild-collected 
snails for 4 wk was sufficient to eliminate most of the infected 
animals and that the length of time from egg consumption to 
cercariae shedding is approximately 6 wk. None of the controls, 
but nearly all of the experimentally infected snails that shed 
cercariae in the present study, did so 5-6 wk after exposure to 
eggs from culture. We are confident that these latter animals 
became infected in the laboratory because they were maintained 
at 30 C for a total of 9-10 wk before cercariae appeared (4 wk of 
preinfection screening plus 5-6 wk postexposure screening). The 
infectivity of the cercariae derived from snails fed cultured eggs 
was demonstrated by laboratory infection of the grass shrimp P. 
vulgaris and the subsequent in vivo development of meta cercariae. 
We did not determine ifmetacercariae from shrimp infected with 
these cercariae were capable of developing into ovigerous adults. 
This is an important question that will be addressed in a future 
study. 
At this time, we are unable to explain why M. turgidus is 
capable of maturing in vitro to produce infective eggs, whereas 
similar studies of other pro genetic trematodes have failed to do 
so. The fact that comparable culture conditions, media, supple-
ments, and gas phases have been used with less success in other 
laboratories suggests that our results may relate to a specific 
developmental feature of M. turgidus that makes the worm more 
amendable to in vitro cultivation. 
These findings are significant because, to our knowledge, M. 
turgidus is only the second digenean, and the first microphallid 
trematode, demonstrated to produce viable, infectious eggs in 
vitro. Furthermore, the culture conditions required to do so are 
simple and reproducible. Thus, M. turgidus is a potential model 
for studies involving in vitro trematode growth and development. 
Future studies will continue to optimize the culture conditions for 
M. turgidus and attempt to determine whether the production of 
normal eggs in vitro is unique to the parasite itself or due to an 
idiosyncrasy of our culture conditions or techniques. 
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NEW SPECIES OF PSEUDABBREVIATA (NEMATODA: PHYSALOPTERIDAE) AND OTHER 
HELMINTHS IN TWO SPECIES OF HYPSILURUS (SAURIA: AGAMIDAE) FROM PAPUA 
NEW GUINEA 
Charles R. Bursey, Stephen R. Goldberg*, and Fred Kraust 
Department of Biology, Pennsylvania State University, Shenango Campus, Sharon, Pennsylvania 16146. e-mail: Gxb13@psu.edu 
ABSTRACT: Pseudabbreviata novaeguineaensis n, sp, from the stomach of Hypsilurus modestus (Agamidae) from Papua New Guinea is 
described and illustrated, The new species was also found in the stomach of Hypsilurus papuensis from Papua New Guinea. 
Pseudabbreviata novaeguineaensis n, sp, represents the sixth species assigned to the genus and the first from the Australo-Papuan 
Region, The new species differs from other species assigned to Pseudabbreviata by the vulva position in the female and pedunculate 
papillae arrangement in the male tail morphology. In addition to the new species, H modestus harbored Meteterakis crombiei, 
Strongyluris gonyocepha/i, and larvae of Abbreviata sp, (in cysts), 
The modest forest dragon, Hypsilurus modestus (Meyer, 1874), 
is known from the Aru Islands, Kai Islands, New Guinea, Jobi 
Island, the Bismarck Archipelago, and the Admirality Islands 
(Manthey and Danzer, 2006), The Papua forest dragon, 
Hypsilurus papuensis (Macleay, 1877), occurs in eastern Papua 
New Guinea, including offshore islands of Milne Bay Province 
(Kraus and Allison, 2004; Manthey and Danzer, 2006), To our 
knowledge, there are no reports of helminths from H. papuensis, 
but there is I report of helminths in H. modestus: Kreis (1940) 
described Abbreviata heterocephala (Kreis, 1940) Morgan, 1945 
(as Physaloptera heterocephala Kreis, 1940 from Gonyocephalus 
modestus Meyer, 1874), 
Five species of Pseudabbreviata Lichtenfels and Quigley, 1968, 
are currently recognized, The type species, P. nudamphibia 
Lichtenfels and Quigley, 1968, was described from an unidentified 
lizard collected in Ghana, Africa (Lichtenfels and Quigley, 1968), 
and has been reported from an agamid lizard, the Taiwan 
japalure, Japalura swihonis Gunther, 1864, collected in Taiwan 
(Mang-hwa and Jun-yi, 1980), Pseudabbreviata yambarensis 
Hasegawa and Otsuru, 1984, was described from the Okinawa 
tree lizard, Japalura polygonata (Hallowell, 1961), collected in 
Okinawa, Japan (Hasegawa and Otsuru, 1984). Abbreviata 
markovi Annaev, 1972, and Physaloptera pallaryi Seurat, 1917, 
were reassigned to Pseudabbreviata by Sharpilo (1976); Abbreviata 
benoiti Horchner and Weissenburg, 1965, and Abbreviata 
cyanogasteri Horchner and Weissenburg, 1965, were synonymized 
with Physaloptera amaniensis Sandground, 1928, which was 
reassigned to Pseudabbreviata by Moravic and Barus (1990). 
Pseudabbreviata markovi has been reported from the steppe 
agama, Trapelus sanguinolentus (Pallas, 1814), and the lacertid 
lizards, reticulate racerunner, Eremias grammica (Lichtenstein, 
1823), no common name, Eremias intermedia (Strauch, 1876), and 
rapid race runner, Eremias velox (Pallas, 1771), collected in 
Turkmen SSR (Annaev, 1972). Pseudabbreviata pallaryi was 
originally described from specimens taken from no common 
name, Agama impalearis Boettger, 1874, collected in Algeria 
(Seurat, 1917) and has also been reported from Trapelus 
sanguinolenta and the secret toadhead agama, Phrynocephalus 
mystaceus (Pallas, 1776), from Turkmen SSR (Sharpilo, 1976). 
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Pseudabbreviata amaniensis is known from the Mozambique 
agama, Agama mossambica Peters, 1854, collected in Tanganyika, 
Africa (Sandground, 1928), and the black-necked tree agama 
Acanthocercus cyanogaster (Ruppell, 1835), collected in the 
Democratic Republic of the Congo (Horchner and Weissenburg, 
1965) and Zambia (Moravec and Barus, 1990). The purpose of 
this paper is to describe a new species of Pseudabbreviata. 
MATERIALS AND METHODS 
Sixteen specimens of H modestus (4 from New Britain Island, East New 
Britain Province, 12 from Torricelli Mountains, West Sepik Province, 
Papua New Guinea) and 6 specimens of H papuensis (I from Maroka, 
Central Province, 5 from Milne Bay Province, Papua New Guinea) were 
borrowed from the Bernice P. Bishop Museum (BPBM), Honolulu, 
Hawaii, and examined for helminths. The specimens of H modestus were 
collected 5-9 March 2005 (BPBM 22172-22174, 22176) and 13-28 May 
2005 (BPBM 23421-23432), and those of H papuensis were collected 8 
October 2002 (BPBM 15830), 28 January-24 February 2003 (BPBM 
17251-17254), and 21 March 2005 (BPBM 22177), Immediately after 
capture the lizards were killed by an overdose of sodium pentobarbital, 
fixed in neutral buffered 10% formalin, stored in 70% ethanol, and 
transported to the Bishop Museum. At necropsy the body cavity of each 
specimen was opened by a longitudinal lateral incision, and the 
gastrointestinal tract was removed by cutting across the esophagus and 
cloaca. The esophagus, stomach, small intestine, and large intestine of 
each lizard were examined separately for endoparasites. Nematodes were 
found, placed in lacto-phenol, allowed to clear, then examined using light 
microscopy, Drawings were made with the aid of a microprojector. 
Measurements are given in micrometers with the mean ± I SD and range 
in parentheses unless otherwise stated. Nematodes were deposited in the 
United States National Parasite Collection (USN PC), Beltsville, Mary-
land, and the Bernice P. Bishop Museum. 
RESULTS 
Six specimens (38%) of H. modestus (BPBM 23421, 23426-
23428, 23431, 23432) were found to harbor I, 6, 22, 3, 3, and 5 
nematodes, respectively, assignable to a new species of Pseudab-
breviata. In addition, BPBM 22172, 22173, 23422, 23429, and 
23430 harbored 2, 7, 1, 1, 'and 2 specimens of Strongyluris 
gonyocephali Kreis, 1940 (Heterakidae), respectively. BPBM 
22173 harbored 2 specimens of Meteterakis crombiei Bursey, 
Goldberg, and Kraus, 2005 (Heterakidae), and BPBM 23427 also 
harbored a single specimen of A. heterocephala Kreis, 1940 
(Phynlopteridae). BPBM 23421 and 23426 each harbored 
lencysted larva of Abbreviata sp. One specimen (17%) of H. 
papuensis (BPBM 22177) harbored 2 nematodes assignable to the 
same new species of Pseudoabbreviata collected from H. modestus. 
Prevalence and mean intensity are given in Table I (accession 
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TABLE I. Number of helminths, prevalence (%), mean intensity (±SD), and range of infection in Hypsilurus modestus and Hypsilurus papuensis from 
Papua New Guinea. 
Hypsilurus modestus (n = 16) Hypsilurus papuensis (n = 6) 
n % M ± SD Range n % M ± SD Range 
Abbreviata heterocephala 1 6 1 
Meteterakis crombiei 2 6 2 
Pseudabbreviata novaeguineaensis n. sp. 40 38 6.7 ± 7.7 1-22 2 17 2 
Strongyluris gonyocephali 13 31 2.6 ± 2.5 1-7 
Abbreviata sp. (larva in cysts) 2 13 
numbers: H. modestus: A. heterocephala, USNPC 101122; M. 
crombiei, USNPC 101123; S. gonyocephali, USNPC 101124, 
BPBM H338; Abbreviata sp. USNPC 101125; H. papuensis; 
Pseudabbreviata novaeguineaensis, USNPC 101126). 
DESCRIPTION 
Pseudabbreviata novaeguineaensis n. sp. 
(Figs. 1-9) 
Diagnosis (general): Physalopteroidea Sobolev, 1949, Physalopteridae 
Leiper, 1908, Physalopterinae Railliet, 1893, Pseudabbreviata Lichtenfels 
and Quigley, 1968. Small, cylindrical nematodes, sexually dimorphic, 
males approximately one-fourth length of female. Head with cuticular 
collar and cervical inflation. Buccal capsule laterally compressed; 
esophagus beginning at base of capsule. Mouth elongated dorso-ventrally, 
surrounded by 2 single-lobed lateral pseudolabia, each with an externo-
lateral tooth, a sclerotized intero-Iateral tooth, submedian teeth, 2 
submedian papillae, and 1 lateral amphid. Externo-Iateral tooth large, 
sclerotized; intero-Iateral tooth small, weakly sclerotized; submedian teeth, 
2 on each side at angle of mouth. Denticles approximately 6, grouped 
between externo-Iateral and submedian teeth; submedian teeth not easily 
distinguished from denticles. Cuticle with distinct transverse striations 
approximately 2 apart along entire body. Male bursa well developed, 
anterior margins of bursal alae do not meet ventrally. 
Male (holotype and 6 paratypes): Length 9.1 ± 1.1 mtn (7.4-10.5); 
width of body (not including cervical inflation) at buccal cavity-
esophageal junction 54 ± 5 (46-58); width at level of esophageointestinal 
junction 295 ± 36 (255-357). Cervical inflation approximately 250 long, 
25 above cuticle. Buccal cavity 69 ± 5 (61-73) deep. Esophagus divided into 
anterior muscular portion, 355 ± 21 (332-395) in length and posterior 
glandular portion 2.1 ± 0.1 mm (1.9-2.3 mm) long. Nerve ring 191 ± 22 
(153-217) and excretory pore 324 ± 18 (306-357) from anterior end, 
respectively. Deirids at level of nerve ring. Posterior end of body flexed 
ventrally; tail conical with rounded end. Cloaca situated on dome·shaped 
protrusion approximately 60 high and 60 in diameter. Spicules unequal, left, 
slender, 336 ± 20 (305-366) x 8 ± I (6-9); right, broader, 154 ± 14 (140-
180) X 28 ± 2 (24-31). Narrow caudal alae extending from anterior of cloaca 
to near end of tail, supported by 4 pairs of pedunculate papillae; 2 pair pre-
cloacal, 2 pair post-cloacal, anteriormost pair more ventrally positioned than 
other pairs. Six pairs of sessile papillae, I pair pre-cloacal, 5 pairs post-
cloacal, fIrst pair directly posterior to anus, second pair interior to fourth 
pairs of pedunculate papillae, third and fourth pair close to one another, fIfth 
pair equidistant between fourth pair and end of tail. An unpaired median 
sessile papilla occurs in front of cloaca, situated between pre·cloacal pair of 
sessile papillae. Pre-clocal papillae and fIrst pair of post-cloacal papillae sit 
on base of clocal protrusion. Small cuticular verrucae fIlling area defmed by 
penduculate papillae anteriorly and laterally and reaching base offourth pair 
of post-cloacal sessile papillae posteriorly. Phasmids situated between fourth 
and fIfth pair of post·cloacal sessile papillae. 
Female (allotype and 9 paratypes): Length 35.1 ± 3.4 mm (28.8-
39.7 mm); width of body (not including cervical inflation) at buccal cavity-
esophageal junction 72 ± 7 (61-79); width at level of esophageointestinal 
junction 486 ± 63 (383-561); width at level of junction of intestine and 
rectum 453 ± 51 (357-536). Buccal cavity 69 ± 8 (61-79) deep. 
Esophagus, anterior muscular portion, 324 ± 55 (255-408) in length, 
posterior glandular portion 6.3 ± 0.7 mm (5.5-8.0 mm) long. Nerve ring 
I ± 0 
208 ± 26 (166-255), excretory pore 315 ± 30 (281-382), and vulva 811 ± 
90 (638-893) from anterior end, respectively. Deirids at level of nerve ring. 
Tail curved dorsally, anus 188 ± 23 (153-217) from posterior end of body. 
Thick-walled muscular ovijector extending posteriorly to connect to uterus 
slightly anterior to esophageo-intestinal junction. Uterus bifurcates twice, 
forming 4 branches; seminal receptacles bulb-shaped, situated 1-3 mm 
from posterior end. Egg thick-shelled, embryonated, oval, length 56 ± 3 
(52-61), width 32 ± 2 (31-34). 
Taxonomic summary 
Type host: Hypsilurus modestus (Meyer, 1874), modest forest dragon 
(Agamidae). 
Symbiotype: BPBM 23427; collection date, 15 May 2005. 
Additional hosts: Hypsilurus papuensis (Macleay, 1877), Papua forest 
dragon (Agamidae), BPBM 22177; collection date, 21 March 2005. 
Type locality: Parkop, Torricelli Mountains, West Sepik Province, 
Papua New Guinea (3.42°S, 142.52°E). 
Additional locality: Moroka, Central Province, Papua New Guinea 
(9.44°S, 147.600 E). 
Site of irifection: Stomach. 
Type specimens: Holotype male, USNPC 101118; allotype female, 
USNPC 102119; paratypes 3 males, 8 females, USNPC 101120; voucher 
specimens, USNPC 101121, BPBM H337. 
Etymology: The new species is named for its island of origin. 
Remarks 
Pseudabbreviata novaeguineaensis n. sp. differs from the other species in 
that the pedunculate papillae of the male are arranged 4 pre-cloacal and 4 
post-cloacal papillae compared to 6 pre-cloacal and 2 post-cloacal papillae 
in all other species, and the rugose area of the bursa extends to the base of 
the pedunculate papillae compared to a limited rugose area only on the 
cloacal cone. In females, the vulva is more proximal to the anterior end 
when compared to all other species. 
DISCUSSION 
Abbreviata heterocephala was originally described as P. hetero-
cephala from 1 male and 1 female nematode taken from G. 
modestus (currently H. modestus) collected in New Britain, Papua 
New Guinea by Kreis (1940). To our knowledge, it has not been 
reported since its discovery; however, Jones (1985) reexamined the 
specimens and reassigned the female nematode to Kreisiella. This 
study is the second report of A: heterocephala in H. modestus. 
Meteterakis crombiei was described from specimens taken from 
Sphenomorphus jobiensis collected in Papua New Guinea (Bursey 
et aI., 2005a) and subsequently found in Sphenomorphus simus 
also collected in Papua New Guinea (Bursey et aI., 2007). 
HypsHhrus modestus represents a new host record for M. crombiei. 
Strongyluris gonyocephali was described from specimens taken 
from Gonyocephalus geoffroyi (currently Hypsilurus geoffroyi) 
collected in the Solomon Islands (Kreis, 1940). The type locality 
and range of H. geoffroyi are uncertain; members of the genus 
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FIGURES 1-9. Pseudabbreviata novaeguineaensis n. sp. (1) Female, anterior end, lateral view. (2) Female, en face view. (3) Female, anterior end, dorsal 
view. (4) Female, anterior end, lateral view. (5) Egg. (6) Male, spicules. (7) Female, posterior end, lateral view. (8) Male, posterior end, ventral view. (9) 
Male, posterior end, lateral view. 
from the Solomon Islands are currently assigned to Hypsilurus 
longii and Hypsilurus macrolepis. Hypsilurus modestus represents a 
new host record for S. gonyocephali, and Papua New Guinea is a 
new locality record. 
Species of Abbreviata require an insect intermediate host 
(Anderson, 2000); thus prevalence may indicate the degree of 
infected insects taken in diet. Roca (1993) suggested that 
prevalence of encysted juvenile nematodes in a lizard population 
indicates their degree of importance as prey because lizards can 
serve as transport hosts after ingesting infective larvae in insects. 
Larvae of Abbreviata sp. (in cysts) have been reported from the 
New Guinean frog Sylvirana supragrisea and gecko Cyrtodactylus 
louisiadensis (Bursey et aI., 2005b, 2008). This is the first report of 
larvae in cysts in H. modestus. 
With the exception of A. heterocephala, the nematodes found in 
this study are generalist species, i.e., parasites capable of infecting 
2, or more, host species. One question of interest to be answered 
by further study is why differential prevalences of infection occur 
within these hosts. Are they related to the small sample of hosts 
examined, or are there ecological or physiological reasons? 
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ERECTION OF A NEW ONCHOBOTHRIID GENUS (CESTODA: TETRAPHYLLIDEA) AND THE 
DESCRIPTION OF FIVE NEW SPECIES FROM WHALER SHARKS (CARCHARHINIDAE) 
J. N. Caira and K. Jensen* 
Department of Ecology and Evolutionary Biology, 75 N. Eagleville Road, University of Connecticut, Storrs, Connecticut 06269-3043. 
e-mail: janine.caira@uconn. edu 
ABSTRACT: The onchobothriid Triloculatum n. gen. is erected to house species formerly considered members of Phoreiobothrium, but 
that bear 3, rather than 5 or more, bothridial subloculi. The species formerly known as Phoreiobothrium triloculatum is designated as its 
type. This species is redescribed based on 2 syntypes and on voucher material consistent with type material taken from the type host, 
Carcharhinus obscurus, from the type and I additional locality. Examination of the cestode fauna of a diversity of carcharhinid sharks 
resulted in the discovery of an additional 5 new tri-subloculate species belonging to the genus. These include: Triloculatum 
andersonorum n. sp. from Negaprion acutidens; Triloculatum bullardi n. sp. from Carcharhinus brevipinna; Triloculatum geeceearelensis 
n. sp. from Carcharhinus isodon; Triloculatum jodyi n. sp. from Carcharhinus acronotus; and Triloculatum oregontwoae n. sp. from 
Carcharhinus plumbeus. The new species differ from one another in the number of proglottids, scolex size, number of testes, number of 
lateral columns of vitelline follicles, and whether they possess craspedote or acraspedote proglottids. Histology and scanning electron 
microscopy suggest that the new genus differs further from Phoreiobothrium in that its species possess an anterior margin of the 
posterior loculus that is fused to the anterior loculus, rather than free. The diagnosis of Phoreiobothrium is emended to accommodate 
the removal oftri-subloculate species and the new information on the condition of the locular interface, and the symmetrical ovary and 
vitelline follicles arranged in 2 lateral bands; each band consisting of 2 to many columns of follicles. Existing host data indicate that the 
new genus is restricted to only a subset of the sharks parasitized by species of Phoreiobothrium. Results from the examination of a 
diversity of carcharhinid species suggest that species in the new genus may have an affinity for the larger, i.e., >200 cm in total length, 
species of Carcharhinus and Negaprion. One of the new Triloculatum species was found to attach in the crypts lying between the larger 
ridges found on the mucosal surface of the posterior inner region of the scroll-type spiral intestine of C. brevi pinna. 
In 1901, Linton provided a relatively brief description of the 
new species Phoreiobothrium triloculatum Linton, 1901, collected 
from the dusky shark, Carcharhinus obscurus (LeSueur, 1818), in 
Woods Hole, Massachusetts and included a figure of a 
bothridium. He noted that this species differed from its only 
other congener at that time, Phoreiobothrium lasium Linton 1889, 
in its possession of bothridia, each bearing 3, rather than 
numerous, subloculi. 'Linton subsequently reported P. trilocula-
tum from C. obscurus mid Rhizoprionodon terraenovae (Richard-
son, 1836) (as Scoliodon terrae-novae [Richardson, 1836]) in 
Beaufort, North Carolina in 1905, and from C. &bscurus and 
Carcharhinus plumbeus (Nardo, 1827) (as Carcharhinus milberti 
[Mii11er & Henle, 1839]), again from Woods Hole, in 1924. 
References to specimens thought to be conspecific with P. 
triloculatum have since been made by multiple other authors. 
For example, Curtis (1911) provided detailed developmental data 
on material he considered to be P. triloculatum from "sand 
sharks" in Woods Hole. In an effort to clarify bothridial 
morphology, Perrenoud (1931) sectioned the scolex of specimens 
for which host and locality were not given, but which he 
attributed to this cestode species. Campbell (1975) emended the 
description of the species based on 2 specimens collected from 
Carcharhinus acronotus (Poey, 1860), also from Beaufort, North 
Carolina. Watson and Thorson (1976) reported it from the bull 
shark, Carcharhinus leucas (Valenciennes, 1839) from Costa Rica. 
Caira (1985) further emended the description of P. triloculatum 
based on her examination of Linton's syntypes and on voucher 
material of Linton and of MacCallum from C. obscurus and C. 
plumbeus, respectively. Most recently, Caira et al. (2001) included 
a species of Phoreiobothrium bearing 3 subloculi (as Phoreiobo-
Received 15 November 2008; revised I February 2009; accepted 19 
February 2009. 
* Department of Ecology and Evolutionary Biology, and the Natural 
History Museum and Biodiversity Research Center, University of 
Kansas, 1200 Sunnyside Avenue, Lawrence, Kansas 66045. 
DOl: lO.1645/GE-1963.1 
thrium n. sp. 3), taken from C. leucas in the Gulf of California, in 
their morphological analysis of the phylogenetic relationships 
among tetraphyllidean genera. The latter authors were the first to 
question the conspecificity of all Phoreiobothrium specimens 
bearing 3 subloculi. 
Recent efforts to collect cestodes from carcharhinid sharks, 
globally, confirms that the diversity of Phoreiobothrium specimens 
bearing 3 subloculi extends well beyond a single species. Further 
investigation of this material suggests that the erection of a new 
genus to house these tri-subloculate species is in order. This new 
genus is established below with the species formerly known as P. 
triloculatum as its type. The type species is redescribed based on 
type and newly collected voucher material from the type host, C. 
obscurus, in order to rectify the fact that the current concept of 
this species is based on data generated from a diversity of tri-
subloculate specimens that are considered not conspecific. In 
addition, 5 new species, 1 each from Negaprion acutidens 
(Ruppell, 1837), C. acronotus, Carcharhinus brevi pinna (Muller 
& Henle, 1839), Carcharhinus isodon (Valenciennes, 1839), and C. 
plumbeus, are described. 
MATERIALS AND METHODS 
Hosts examined represented 5 species of carcharhinid sharks and 
consisted of: I male (80 cm total length [TL]) and I female (89 cm TL) 
specimen of Negaprion acutidens, collected with stationary nets from the 
Gulf of Carpentaria near Weipa (12°39'60.00"S, 141°52'0.00"E), Queens-
land, Australia in May 2004 and June 2003, respectively; I specimen each 
of C. acronotus and C. brevi pinna (sex and TL unknown), collected with 
hook and line near oil rig MO·990 (29°58'58.20"N, 88°36'16.80'W), 
Louisiana, Gulf of Mexico, in June 2006; I male specimen (174 cm TL) of 
C. brevi pinna, collected with hook and line off the southwest end of Horn 
Island (300l3'20.n"N, 88°47'13.64'W), Mississippi, Gulf of Mexico in 
Octo"!! 2006; I male specimen (82 cm TL) of C. isodon, collected with a 
gill net off Round Island (30017'42.45"N, 88°35'11.55'W), Mississippi, 
Gulf of Mexico in June 2005; 2 male specimens (III cm and 105 em TL) 
of C. isodon, collected with a gill net off Indian Pass (29°40'8.05''N, 
85° l3 '30.1 7"W), Florida, Gulf of Mexico in May 2007; I male specimen of 
C. plumbeus (157 cm fork length), caught by long-line off the Alabama-
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Florida state line (30007'60.00''N, 87°27'O.00"W) in August 1995; and 1 
male specimen of C. plumbeus (unknown TL) caught by long-line off 
Florida (30021'07.80"N, 86°43'53.40"W) in August 1996. 
Spiral intestines were removed from each host and opened with a 
longitudinal incision. They were fixed in 10% formalin, buffered with 
seawater, and subsequently transferred to 70% ethanol for storage. 
Cestodes were removed from the spiral intestines upon return to the 
laboratory. 
Cestodes prepared as whole-mounts were hydrated, stained in Dela-
field's haematoxylin, dehydrated in a graded ethanol series, cleared in 
methyl salicylate, and mounted on glass slides in Canada balsam. 
Measurements were made using a Leica DFC320 digital camera 
mounted on a Zeiss Axioskop 2 using the image analysis software 
OpenLab Demo 4.0.4 (Improvision Inc., Waltham, Massachusetts). 
Measurements are in micrometers unless otherwise indicated, and are 
given in the text as ranges; corresponding means, standard deviations, 
number of specimens examined, and number of measurements made are 
given in Table 1. Hook measurements taken follow Caira et al. (2005). 
Histological sections were prepared from the terminal proglottids of one 
specimen each of the new species from C. brevipinna and C. isodon. In 
addition, in situ cross and longitudinal sections were prepared of the 
scolex of the new species found attached to the spiral intestine of C. 
brevi pinna. In both cases, the remainder of the worm was prepared as a 
whole-mount, as described above. Sections were prepared as follows: 
terminal proglottids or tissue were embedded in paraffin and sectioned at 
5-8 11m intervals using an Olympus CUT4060 retracting rotary micro-
tome. The sections were then placed on glass slides, flooded with 2.5% 
sodium silicate, and allowed to dry on a slide warmer. Sections were 
subsequently stained with Delafield's haematoxylin and eosin, cleared in 
xylene, and mounted with coverslips in Canada balsam. 
Scolices of 1-2 specimens of each of the 6 species treated here were 
prepared for examination with scanning electron microscopy (SEM), as 
follows. They were hydrated, transferred to 1.5% osmium tetroxide 
overnight, dehydrated in a graded ethanol series, and placed in 
hexamethyldisilizane (HMDS, Ted Pella, Inc., Redding, California) in a 
fume hood for 15 min. They were allowed to air dry and were subsequently 
mounted on carbon tape and grounded with carbon paint on aluminum 
stubs. Specimens were sputter-coated with approx. 40 nm of gold-
palladium and examined with .a LEO/Zeiss DSM 982 Gemini field emission 
scanning electron microscope (FESEM) or with a LEO/Zeiss 1550 FESEM. 
Museum abbreviations used are as follows: LRP, Lawrence R. Penner 
Parasitology Collection, University of Connecticut, Storrs,-Connecticut; 
QM, Queensland Museum, Brisbane, Australia; USNPC, United States 
National Parasite Collection, Beltsville, Maryland. Shark taxonomy and 
common names follow Compagno (1984). 
DESCRIPTION 
Triloculatum n. gen. 
Diagnosis: Tetraphyllidea, sensu Euzet (1994); Onchobothriidae Braun, 
1900, sensu Euzet (1994). Scolex with 4 bothridia; each with anterior 
muscular pad in form of sucker and 1 pair of hooks with 3 unequal prongs 
and talon; basal prong of medial hook conspicuously longer than basal 
prong of lateral hook. Bothridia each consisting of 2 subequal loculi. 
Anterior loculus simple, longer than posterior loculus. Posterior loculus 
divided into 3 subloculi. Anterior margin of posterior loculus fused to 
proximal surface of posterior margin of anterior loculus. Cephalic 
peduncle present, covered with large, blade-like spinitriches, posterior 
margin of cephalic peduncle inconspicuous. Strobila acraspedote or 
craspedote, euapolytic. Gential pores lateral, irregularly alternating. 
Testes numerous; postvaginal testes present on poral side. Ovary 
posterior, symmetrical, H-shaped in frontal view, bi-Iobed in cross section. 
Vagina muscular, anterior to cirrus sac. Vitelline follicles in 2 lateral 
bands; each band consisting of 2 to many columns of follicles. Uterus sac-
shaped, medioventral. In spiral intestine of Carcharhinidae. Cosmopoli-
tan. 
Taxonomic summary 
Type species: Triloculatum triloculatum (Linton, 1901) n. comb. 
Etymology: This genus is named for its type species. 
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Remarks 
The new genus is erected to accommodate onchobothriid species with 
tri-pronged hooks that possess 3, rather than 5 or more, bothridial 
subloculi. It can readily be distinguished from all other onchobothriid 
genera, except Phoreiobothrium, in that its species possess hooks that are 
tri-pronged (rather than uni- or bi-pronged). Beyond sublocular number, 
SEM and histology reveal an additional pronounced difference in scolex 
morphology between the 2 genera. Whereas in species of Phoreiobothrium 
there is a clear distinction between the posterior margin of the anterior 
loculus and the anterior margin of the posterior loculus, i.e., the subloculi, 
because both margins are free (Figs. 1, 2; Caira et ai, 1995,2005), this is 
not the case in members of the new genus. In species of the new genus, the 
anterior margin of the posterior loculus is fused to the proximal side of the 
anterior loculus close to its posterior margin (Figs. 3, 4). Thus, although 
the posterior margin of the anterior loculus is free, the anterior margin of 
the posterior loculus is not. Curiously, members of the new genus also lack 
the suite of conspicuous papillae found along the posterior margin of the 
anterior loculus seen in many species of Phoreiobothrium. 
We propose that the most recent diagnosis of Phoreiobothrium (see 
Caira et aI., 2005) be emended to read as follows, not only to 
accommodate the transfer of species bearing 3 subloculi to Triloculatum 
n. gen., but also to clarify the condition of the anterior margin of the 
posterior loculus and to add details on the conditions of the ovary and 
vitelline follicles. 
Phoreiobothrium Linton, 1889 emend. 
Diagnosis: Tetraphyllidea, sensu Euzet (1994); Onchobothriidae Braun, 
1900 sensu Euzet (1994). Scolex with 4 bothridia each with anterior 
muscular pad in form of sucker and 1 pair of hollow hooks with 3 (or 
occasionally 2) unequal prongs and talon. Bothridia each consisting of 2 
subequal loculi. Anterior loculus simple, longer than posterior loculus. 
Posterior loculus divided into 5 or more subloculi. Anterior margin of 
posterior loculus free. Cephalic peduncle present with large, blade-like 
spinitriches, posterior margin of cephalic peduncle inconspicuous. Strobila 
acraspedote, euapolytic. Genital pores lateral, irregularly alternating. 
Testes numerous; postvaginal testes present on poral side. Ovary 
posterior, symmetrical, H-shaped in frontal view, bi-Iobed in cross section. 
Vagina muscular, anterior to cirrus sac. Vitelline follicles in 2 lateral 
bands; each band consisting of 2 to many columns of follicles. Uterus sac-
shaped, medioventral. In spiral intestine of Carcharhinidae and Sphyrni-
dae. Cosmopolitan. Type species: Phoreiobothrium lasium Linton, 1889. 
REDESCRIPTION 
Triloculatum triloculatum (Linton, 1901) n. comb. 
(Figs. 5, 11-13, 17-21) 
Redescription (based on 2 syntype and 7 voucher specimens: 4 whole 
mounts of mature worms {3 incomplete}, 3 whole mounts of immature 
worms {some incomplete}, and 2 scolices prepared for SEM): Worms 
18.8 mm long, euapolytic, greatest width at terminal proglottid, 700 wide; 
proglottids 54+ per worm, acraspedote. Scolex consisting of scolex proper 
and cephalic peduncle. Scolex proper 534-667 long by 606-738 wide, with 
4 bothridia. Bothridia 524-664 long by 263-325 wide, each with anterior 
muscular pad in form of sucker, and 2 subequal loculi divided by 
horizontal septum. Anterior loculus 312-464 long, bearing I pair of hooks 
with 3 unequal prongs and talon; posterior loculus shorter than anterior 
loculus, divided into 3 subloculi (Fig. 18); subloculi approximately equal 
in width, 82-115 wide. Hooks tri-pronged, smooth, hollow; lateral hook 
lengths: A 101-128, B 103-123, C 89-123, D 114-148, E 14-23, F 35-47; 
medial hook lengths: A' 112-131, B' 114-136, C' 91-123, D' 117-154, E' 
26-43, F' 40-50; internal hook channel continuous between prongs, 
extending into talon; lateral and medial hooks approximately equal in 
length. Cephalic peduncle with inconspicuous posterior limit. 
Distal and proximal bothridial surfaces, apex of scolex, and scolex 
propel/o8etween bothridia covered with short filitriches only (Figs. 19-20). 
Cephalic peduncle covered with large, blade-like spinitriches and long 
filitriches (Fig. 21). 
Immature proglottids 54+ in number, most wider than long, posterior-
most immature proglottid 580--1,112 long by 308-615 wide; mature 
proglottids 3 in number, terminal proglottid in complete worm 2,243 long 
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TABLE I. Measurements of species of Triloculatum n. gen. * 
T triloculatum 
(Linton, 1901) T andersonorum T bullardi T geeceearelensis T jodyi T oregontwoae 
n. comb. n. sp. n. sp. n. sp. n. sp. n. sp. 
Total length 18.8 mmt 8.4 mm ± 0.4; 5 17.1 mm ± 3.7; 17 15 mm ± 2.1; 11 9.6 mm ± 1.8; 3 12.4 mm ± 3.4; 8 
Greatest width 700t 335 ± 22; 7 950 ± 105; 17 825 ± 102; 11 485 ± 30; 3 633 ± 108; 10 
No. of proglottids 54+ 85 ± 8; 5 78 ± 9; 17 54 ± 10; II 48 ± 3; 3 67 ± 14; 9 
Scolex proper length 620 ± 47; 7 374 ± 47; 5 696 ± 49; 15 612 ± 52; 11 539 ± 55; 3 757 ± 100; 9 
Scolex proper width 649 ± 47; 6 484 ± 26; 5 680 ± 33; 15 626 ± 61; 11 505 ± 22; 3 758 ± 69; 9 
Bothridiallength 595 ± 48; 7; 14 365 ± 48; 5; 10 660 ± 53; 15; 28 596 ± 49; 10; 21 504 ± 49; 3; 6 718 ± 82; 9; 18 
Bothridial width 295 ± 21; 11 269 ± 25; 5; 10 317 ± 15; 17; 27 290 ± 22; 10; 17 249 ± 25; 3; 6 352 ± 32; 9; 17 
Anterior loculus 
length 372 ± 47; 7; 14 202 ± 36; 5; 9 461 ± 41; 17; 28 427 ± 61; II; 19 371 ± 31; 2; 4 504 ± 39; 9; 15 
Subloculus width 100 ± 10; 7; 18 94 ± 12; 5; 15 103 ± 11; 17; 50 94 ± 9; II; 29 92 ± 12; 3; 9 119 ± 13; 9; 18 
Lateral hook 
A 118 ± 11; 6; 7 112 ± 5; 3 107 ± 15; 13 112 ± 18; 9; 10 99 ± 19; 3 144 ± 4; 7 
B 114 ± 8; 6; 7 134 ± 14; 3 111 ± 8; 12 103 ± 10; 8; 9 96 ± 9; 3 129 ± 6; 7 
C 105 ± 12; 6; 7 124 ± 5; 4 112 ± 6; 13 102 ± 9; 9; II 105 ± I; 3 123 ± 5; 7 
D 130 ± 13; 5; 6 134 ± 5; 2 126 ± 12; 12 134 ± 13; 6; 7 123 ± 11; 3 149 ± 11; 7 
E 21 ± 5; 5; 6 43 ± 6; 5; 6 24 ± 3; 14 19 ± 3; 9; 11 25 ± 2; 2 23 ± 2; 7 
F 42 ± 4; 5; 6 62 ± 4; 5 45 ± 4; 11 42 ± 6; 10; 13 45 ± 8; 3 44 ± 65; 7 
Medial hook 
A' 122 ± 7; 6; 7 104 ± 11; 5; 6 III ± 13; 15; 19 116 ± 17; 9; 10 98 ± 9; 3; 4 135 ± 10; 8; 10 
B' 126 ± 8; 6; 7 128 ± 14; 5; 6 123 ± 8; 15; 19 118 ± 14; 8; 9 107 ± 7; 3; 4 138 ± 8; 8; 10 
C' 108 ± 11; 6; 7 123 ± 4; 5; 6 115 ± 5; 16; 20 104 ± 6; 10; 12 98 ± 10; 3; 4 122 ± 7; 8; 10 
D' 136 ± 13; 6; 7 142 ± 15; 6 143 ± 10; 15; 19 141 ± 13; 8; 9 134 ± 5; 3; 4 155 ± 13; 8; 10 
E' 35 ± 7; 6; 7 55 ± 6; 6 46 ± 5; 15; 19 42 ± 5; 9; 11 43 ± 2; 3; 4 47 ± 4; 8; 10 
F' 45 ± 4; 4; 5 69 ± 6; 6 45±7; 14; 17 41 ± 3; 5; 6 38 ± 4; 3; 4 44 ± 6; 8; 10 
No. of immature 
proglottids 54+ 84 ± 8; 5 74 ± 9; 17 51 ± 9; II 46 ± 4; 3 67 ± 13; 9 
Immature proglottid 
length 753 ± 247; 4 566 ± 74; 7 716 ± 106; 17 614 ± 110; 11 793 ± 293; 3 670 ± 97; 3 
Immature proglottid 
width 487 ± 132; 4 286 ± 27; 7 845 ± 120; 17 776 ± 83; 11 436 ± 55; 3 570 ± 45; 3 
No. of mature 
proglottids 3t 4 ± 2; 17 3 ± 1; II 0-2 
Mature proglottid 
length 1,270 ± 654; 4 802 ± 109; 7 1,766 ± 340; 17 1,547 ± 392; II 1,032 ± 372; 3 981 ± 144; 3 
Mature proglottid 
width 491 ± 159; 4 281 ± 41; 7 699 ± 89; 16 705 ± 115; II 429 ± 78; 3 550 ± 55; 3 
No. of testes 142±17;4;7 112 ± 15; 7 176 ± 19; 17; 23 149 ± 15; II; 21 103 ± 23; 3; 5 160 ± 15; 9; 12 
No. of postvaginal 
testes 20 ± 3; 4; 7 15 ± 4; 7 25 ± 5; 17;24 21 ± 4; II; 21 15 ± 4; 3; 5 24 ± 4; 9; 12 
Testis length 41 ± 12; 4; 12 19±4;7;21 47 ± 10; 17; 51 47 ± 6; 11; 33 31 ± 6; 3; 9 29 ± 5; 3; 9 
Testis width 45 ± 15; 4; 12 23 ± 6; 7; 21 63±9;17;51 60 ± 6; 11; 33 52 ± 8; 3; 9 46 ± 2; 3; 9 
Cirrus sac length 171 ±40;4 94 ± 9; 6 257 ± 33; 17 227 ± 26; 11; 13 180 ± 9; 3 190 ± 15; 3 
Cirrus sac width 77 ± 25; 4 51 ± 13; 7 114 ± 17; 17 135 ± 20; 11; 13 65 ± 21; 3 61 ± 17;3 
Genital pore position:!: 46 ± 4; 4 52 ± 4; 7 53 ± 5; 17 52 ± 3; II 53 ± 2; 3 53 ± 9; 3 
Ovary length 361 ± 230; 4 235 ± 42; 6 577 ± 136; 17 444 ± 98; 11; 13 338 ± 115; 3 290 ± 113; 3 
Ovary width 344 ± 133; 4 157 ± 58; 6 423 ± 66; 15 475 ± 104; 11; 13 281 ± 63; 3 319 ± 53; 3 
Vitelline follicle length 19 ± 5; 4; 12 10 ± 2; 7; 18 24 ± 6; 17; 51 26 ± 6; II; 33 17±2;3;9 17 ± 4; 3; 9 
Vitelline follicle width 31 ± II; 4; 12 13 ± 3; 7; 18 39±9;17;51 44 ± 9; 11; 33 33 ± 4; 3; 9 34 ± 8; 3; 9 
* Measurements (in 11m except where noted) are given as means followed by standard deviation, number of worms examined, and number of total observations if more than 
one was taken per worm. 
t Measurements taken from single, mature, complete worm. 
t Presented as % from posterior of proglottid. 
by 702 wide; gravid proglottids not observed. Testes oval, 121-162 in 
number, of these 15-23 postvaginal, 28-63 long by 26-74 wide, in approx. 
7-9 columns anterior to cirrus sac, I layer deep in cross section. Vas 
deferens minimal, coiling anteriorly and laterally to cirrus sac, entering 
cirrus sac at its distal end. Cirrus sac oval, 134-227 long by 56-112 wide, 
not reaching midline of proglottid, containing coiled cirrus; cirrus covered 
withitlpinitriches. Genital pores marginal, irregularly alternating, 41-50% 
of proglottid length from posterior end in terminal proglottids. Vagina 
sinuous in proximal region, extending along midline of proglottid from 
ootype region to anterior margin of cirrus sac, then laterally along anterior 
margin of cirrus sac, opening into common genital atrium anterior to 
cirrus sac; vaginal sphincter not observed; seminal receptacle present. 
tail of bothridial I culi f Phoreiobothrium and 
Triloculatum. (I ) L ngitudinal tion f interface b tw en anterior and 
po teri r I uli of Phoreiobothrium manirei aira Healy and an on 
1996 (LRP o. 261 ). (2) anning el tr n micrograph of interface 
between anterior and po terior loculi f Phoreiobothrium bli sorum aira 
Ri hmond, and wan on 2 05. rrowhead indicate p terior margin of 
anterior I ulu (upper arrowh ad) and anterior region of p t ri r 
10 ulu (lower arr whead) in igure I 2. (3) L ngitudinal cti n 
through interface b tween anterior and po terior I uli in Trilo ula/um 
bullardi n. p. (4) anning ele tr n micrograph of interface between 
anterior and p terior I uli of Triloculatum ander onorum n. p. 
rrowhead indicate free anteri r margin f po teri r loculu in 
igure 3 4. 
Taxonomic summary 
Type host: archarhinus ob curus (Le ueur, I I , du ky hark 
la mobranchii; archarhinidae). 
Additional ho t : 
Type locality: H Ie (41 31'30.19" , 7040'21.41"W) 
Ma achu ell . 
Additional localities: IT Beaufort ( 4 42 '57.02' 
Remarks 
The rede 
rcde cription xclude 
76 9'37.69"W) 
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DESCRIPTIONS 
Triloculatum andersonorum n. sp. 
(Figs. 6, 14-16, 22- 26) 
. plumbeus b 
ampb 1\ (1975) 
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5 
I R 5- 10. Line drawing te all w rm a re ill u trat d at ame cale. (5) Triloeulatum triloeulatwl1 (Lint n 1901) n. comb. e 
areharhinu ob euru . (6) Triloeulatum ancler onorum n. p. e egaprion aeuliclens. (7) Triloeulaturn bullarcli n. p. ex. areharhinus brevipinna. (8) 
Triloeulatum geeeeearelen i n. p. e areharhinus isoclon. (9) Triloeulatumjoclyi n. . ex areharhinu a ronotu . (10) Triloeulatum oregolllll'oae n. p. ex 
areharlJinu plumbeu . 
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15 
SOj.Jm 
12 
13 
I R II - I Triloculotum triloculotum (Linton 1901) n. comb. ( II ) ole. (12) Hook. (13) Terminal pr glottid . I RE I 16. Triloculotum 
onder Ol1orwn n. p. (14) cole . (15) Ho k . (16) T rminal pr glottid . bbr iali : L, lateral h ok; M, m dial h ok . 
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consisting of 2 columns of follicles, extending almost entire length of 
proglottid, interrupted by vagina and cirrus sac, uninterrupted by ovary; 
vitelline follicles 7-15 long by 8-19 wide. Uterus ventral, extending 
anteriorly from level of ovarian bridge, stopping 4 testes-lengths short of 
anterior margin of field of testes. Excretory ducts 4, lateral. Eggs not 
observed. 
Taxonomic summary 
Type host: Negaprion acutidens (Riippell, 1837), sicklefin lemon shark 
(Elasmobranchii; Carcharhinidae). 
Additional hosts: None. 
Type locality: Gulf of Carpentaria near Weipa (12°39'60.00"S, 
141°52'0.00"E), Queensland, Australia. 
Additional localities: None. 
Site of infection: Spiral intestine. 
Specimens deposited: QM No. G231300 (holotype) and QM Nos. 
G231301-G231302 (2 paratypes); USNPC No. 101667 (1 paratype); LRP 
Nos. 4300-4302 (3 paratypes including SEM strobilar vouchers); scolices 
prepared for SEM retained in the senior author's personal collection. 
Etymology: This species is named in honor of the Anderson family of 
Ashford, Connecticut in recognition of their enthusiastic appreciation of 
all things parasitological, despite their otherwise non-parasitological 
interests. 
Remarks 
Overall, this is the smallest of known Triloculatum species (see Figs. 5-
10). Triloculatum andersonorum n. sp. is readily distinguished from T. 
triloculatum in that it possesses a greater number of proglottids (78-99 vs. 
54+), a shorter scolex proper (340-448 vs. 534-667) and cirrus sac (83-109 
vs. 134-227), lateral hooks with abaxial prongs that are much-less 
recurved than those in the latter species, and craspedote rather than 
acraspedote proglottids. To date, this is the only species of Triloculatum 
known from a carcharhinid shark outside of the genus Carcharhinus 
Blainville, 1816. 
Trilpculatum bullardi n. sp. 
(Figs. 7, 27-29, 33-37, 59-60) 
Description (based on 20 specimens: 17 whole mounts of mature worms, 
cross sections of 1 proglottid, and 2 scolices prepared for SEM): Worms 
II. 7-25.1 mm long, euapolytic, greatest width at proglottid 8-20 from 
posterior end, 791-1,175 wide; proglottids 60-93 per worm, acraspedote. 
Scolex consisting of scolex proper and cephalic peduncle. Scolex proper 
615-797 long by 624-722 wide, with 4 bothridia. Bothridia 552-741 long 
by 288-348 wide, each with anterior muscular pad in form of sucker, and 2 
subequal loculi divided by horizontal septum. Anterior loculus 359-546 
long, bearing 1 pair of hooks with 3 unequal prongs and talon; posterior 
loculus shorter than anterior loculus, divided into 3 subloculi (Fig. 34); 
subloculi approximately equal in width, 78-123 wide. Hooks tri-pronged, 
smooth, hollow; lateral hook lengths: A 80-129, B 95-123, C 102-119, D 
97-142, E 20-29, F 39-52; medial hook lengths: A' 88-132, B' 107-136, C' 
109-127, D' 128-159, E' 38-54, F' 37-65; internal hook channel 
continuous between prongs, extending into talon; lateral and medial 
hooks approximately equal in length. Cephalic peduncle with inconspic-
uous posterior limit. 
Distal and proximal bothridial surfaces, apex of scolex, and scolex 
proper between bothridia covered with short fiJitriches only (Figs. 35-36). 
Cephalic peduncle covered with large, blade-like spinitriches and long 
fiJitriches (Fig. 37). 
Immature proglottids 58-88 in number, most wider than long, 
posteriormost immature proglottid 535-961 long by 695-1,068 wide; 
mature proglottids 2-7 in number, terminal proglottid 1,257-2,447 long by 
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528-855 wide; gravid proglottids not observed. Testes oval, 150-211 in 
number, of these 18-36 postvaginal, 27-70 long by 40-87 wide, in approx. 
8-9 columns anterior to cirrus sac, I layer deep in cross section (Fig. 59). 
Vas deferens minimal, coiling anteriorly and laterally to cirrus sac, 
entering cirrus sac at its distal end. Cirrus sac oval, 205-318 long by 89-
152 wide, not reaching midline of proglottid, containing coiled cirrus; 
cirrus covered with spinitriches. Genital pores marginal, irregularly 
alternating, 45-60% of proglottid length from posterior end in terminal 
proglottids. Vagina sinuous, extending along midline of proglottid from 
ootype region to anterior margin of cirrus sac, then laterally along anterior 
margin of cirrus sac, opening into common genital atrium anterior to 
cirrus sac; vaginal sphincter not observed; seminal receptacle present. 
Ovary near posterior margin of proglottid, H-shaped in frontal view, 372-
834 long by 325-533 wide, bi-Iobed in cross section (Fig. 60), lobulated; 
ovarian isthmus slightly anterior to middle of ovary. Mehlis' gland 
posterior to ovarian isthmus. Vitellarium follicular, in 2 lateral bands; 
each band consisting of multiple columns of follicles, extending almost 
entire length of proglottid, interrupted by cirrus sac, uninterrupted by 
vagina and ovary; vitelline follicles 15-40 long by 22-55 wide. Uterus 
ventral, extending anteriorly from level of ovarian bridge, stopping 4 
testes-lengths short of anterior margin of field of testes. Excretory ducts 4, 
lateral. Eggs not observed. 
Taxonomic summary 
Type host: Carcharhinus brevipinna (Riippell, 1837), spinner shark 
(Elasmobranchii; Carcharhinidae). 
Additional hosts: None. 
Type locality: Near oil rig MO-990 (29°58'58.20"N, 88°36'16.80"W), 
Louisiana, Gulf of Mexico. 
Additional localities: Southwest end of Horn Island (300 13'20.72"N, 
88°47'13.64"W), Mississippi, Gulf of Mexico. 
Site of infection: Spiral intestine. 
Specimens deposited: USNPC No. 101668 (holotype) and USNPC No. 
10 1669 (9 paratypes including cross sections of 1 proglottid and whole 
mount of its strobilar voucher); LRP Nos. 4307-4316 (10 paratypes 
including SEM strobilar vouchers); scolices prepared for SEM retained in 
junior author's personal collection. 
Etymology: This species is named in honor Dr. Stephen A. Bullard, 
without whose expert assistance the collection of the challenging sharks 
that hosted the type material of this species would not have been possible. 
Remarks 
This is the largest of known Triloculatum species (see Figs. 5-10). It 
differs conspicuously from T. triloculatum in that it possesses more 
proglottids (60-93 vs. 54+) and from T. andersonorum in that it is much 
longer (11.7-25.1 vs. 7.85-11.7 mm). It further differs from T. ander-
sonorum in its possession of a longer scolex proper (615-797 vs. 340-448), 
a greater number of testes (150-211 vs. 82-122), and acraspedote rather 
than craspedote proglottids. It differs further from T. triloculatum in its 
possession of lateral bands of vitelline follicles that are each comprised of 
multiple, rather than 2, columns of vitelline follicles. 
Triloculatum geeceearelensis n. sp. 
(Figs. 8, 30-32, 38-42, 64-65) 
Description (based on 14 specimens: 11 whole mounts of mature worms, 
cross sections of 1 proglottid, and 2 scolices prepared for SEM): Worms 
10.5-17.7 mm long, euapolytic, greatest width at proglottid 3-15 from 
posterior end, 665-955 wide; proglottids 41-69 per worm, acraspedote. 
Scolex consisting of scolex proper and cephalic peduncle. Scolex proper 
505-669 long by 511-698 wide, with 4 bothridia. Bothridia 478-662 long 
by 250-329 wide, each with anterior muscular pad in form of sucker, and 2 
FIGURES 17-21. Scanning electron micrographs of Triloculatum triloculatum (Linton, 1901) n. comb. (17) Scolex. Small numbers indicate locations of 
details shown in Figs. 19-21. (18) Posterior loculus divided into 3 subloculi. (19) Filitriches on distal bothridial surface. (20) Filitriches on proximal 
bothridial surface. (21) Spinitriches and fiJitriches on cephalic peduncle. FIGURES 22-26. Scanning electron micrographs of Triloculatum andersonorum n. 
sp. (22) Scolex. Small numbers indicate locations of details shown in Figures 24-26. (23) Posterior loculus divided into 3 subloculi. (24) Filitriches on 
distal bothridial surface. (25) Filitriches on proximal bothridial surface. (26) Spinitriches and fiJitriches on cephalic peduncle. 
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subequal loculi divided by horizontal septum. Anterior loculus 309-534 
long, bearing I pair of hooks with 3 unequal prongs and talon; posterior 
loculus shorter than anterior loculus, divided into 3 subloculi (Fig. 36); 
subloculi approximately equal in width, 76-114 wide. Hooks tri-pronged, 
smooth, hollow; lateral hook lengths: A 87-134, B 86-113, C 93-122, D 
121-156, E 16-25, F 34-51; medial hook lengths: A' 88-139, B' 100-144, 
C' 95-107, D' 121-161, E' 36-48, F' 36-45; internal hook channel 
continuous between prongs, extending into talon; lateral and medial hooks 
approximately equal in length. Cephalic peduncle with inconspicuous 
posterior limit. 
Distal and proximal bothridial surfaces, apex of scolex, and scolex 
proper between bothridia covered with short filitriches only (Figs. 40-41). 
Cephalic peduncle covered with large, blade-like spinitriches and long 
fiJitriches (Fig. 42). 
Immature proglottids 39-67 in number, most wider than long, 
posteriormost immature proglottid 433-785 long by 639-891 wide; 
mature proglottids 2-4 in number, terminal proglottid 1,065-2,140 long 
by 493-847 wide; gravid proglottids not observed. Testes oval, 117-178 in 
number, of these 12-29 postvaginal, 36-61 long by 44-73 wide, in approx. 
7-11 columns anterior to cirrus sac, I layer deep in cross section 
(Fig. 64). Vas deferens minimal, coiling to cirrus sac, entering cirrus sac 
at its distal end. Cirrus sac oval, 180-260 long by 93-173 wide, not 
reaching midline of proglottid, containing coiled cirrus; cirrus covered 
with spinitriches. Genital pores marginal, irregularly alternating, 49-56% 
of proglottid length from posterior end in terminal proglottids. Vagina 
weakly sinuous, extending along midline of proglottid from ootype region 
to anterior margin of cirrus sac, then laterally along anterior margin of 
cirrus sac, opening into common genital atrium anterior to cirrus sac; 
vaginal sphincter not observed; seminal receptacle present. Ovary near 
posterior margin of proglottid, H-shaped in frontal view, 305-610 long by 
310-606 wide, bi-Iobed in cross section (Fig. 65), lobulated; ovarian 
isthmus slightly anterior to middle of ovary. Mehlis' gland posterior to 
ovarian isthmus. Vitellarium follicular, in 2 lateral bands; each band 
consisting of multiple columns of follicles, extending almost entire length 
of proglottid, interrupted by vagina and cirrus sac, uninterrupted by 
ovary; vitelline follicles 17-39 long by 28-71 wide. Uterus ventral, 
extending anteriorly from level of ovarian bridge, stopping 4 testes-
lengths short of anterior margin of field of testes. Excretory ducts 4, 
lateral. Eggs not observed. 
Taxonomic summary 
Type host: Carcharhinus isodon (Valenciennes, 1839), finetooth shark 
(Elasmobranchii; Carcharhinidae). 
Additional hosts: None. 
Type locality: Off Round Island (30°17' 42.45"N, 88°35' 11.55"W), 
Mississippi, Gulf of Mexico. 
Additional localities: Off Indian Pass (29°40'8.05"N, 85°13'30.17"W), 
Florida, Gulf of Mexico. 
Site of infection: Spiral intestine. 
Specimens deposited: USNPC No. 101659 (holotype) and USNPC Nos. 
101660-101661 (6 paratypes including cross sections of I proglottid and 
whole mount of its strobilar voucher); LRP Nos. 4285-4291 (7 paratypes 
including SEM strobilar vouchers); scolices prepared for SEM retained in 
junior author's personal collection. 
Etymology: This species is named for the Gulf Coast Research 
Laboratory, i.e., "GCRL," University of Southern Mississippi, the 
excellent facilities of which were made freely available to the authors. 
Remarks 
Triloculatum geeceearelensis n. sp. differs from T triloculatum and T 
andersonorum in its possession of lateral bands of vitelline follicles that are 
each comprised of multiple, rather than 2, columns of vitelline follicles. It 
differs further from T triloculatum in possessing a wider posteriormost 
immature proglottid (639-891 vs. 308-615) and from T andersonorum in 
possessing fewer proglottids (41-69 vs. 78-99) and in that it possesses 
acraspedote rather than craspedote proglottids. This species most closely 
resembles T bullardi, but differs in the medial extent of the ovarian 
follicles, which reach the midline of the proglottid in the latter species, but 
not in the former species. In addition, the anterior margin of the muscular 
pad is more erect in T bullardi than it is in T geeceearelensis. 
Triloculatum jodyi n. sp. 
(Figs, 9, 43-45, 49-53) 
Description (based on 5 specimens: 3 whole mounts of mature worms and 
2 scolices prepared for SEM): Worms 7.6-11.1 mm long, euapolytic, 
greatest width at proglottid 33-47 from posterior end, 466-519 wide; 
proglottids 44-50 per worm, acraspedote. Scolex consisting of scolex 
proper and cephalic peduncle. Scolex proper 476--577 long by 480-518 
wide, with 4 bothridia. Bothridia 454-577 long by 209-267 wide, each with 
anterior muscular pad in form of sucker, and 2 subequal loculi divided by 
horizontal septum. Anterior loculus 326-393 long, bearing I pair of hooks 
with 3 unequal prongs and talon; posterior loculus shorter than anterior 
loculus, divided into 3 subloculi (Fig. 50); subloculi approximately equal 
in width, 76-106 wide. Hooks tri-pronged, smooth, hollow; lateral hook 
lengths: A 78-112, B 87-105, C 104-106, D 1 I 1-133, E 23-26, F 37-52; 
medial hook lengths: A' 86-107, B' 100-117, C' 85-106, D' 128-139, E' 
40-44, F' 32-42; internal hook channel continuous between prongs, 
extending into talon; lateral and medial hooks approximately equal in 
length. Cephalic peduncle with inconspicuous posterior limit. 
Distal and proximal bothridial surfaces, apex of scolex, and scolex proper 
between bothridia covered with short fiIitriches only (Figs. 51-52). Cephalic 
peduncle covered with large, blade-like spinitriches and long fiIitriches (Fig. 53). 
Immature proglottids 42-49 in number, initially wider than long, 
posteriormost immature proglottid 602-1,130 long by 381-490 wide; 
mature proglottids I in number, 781-1,460 long by 352-507 wide; gravid 
proglottids not observed. Testes oval, 73-133 in number, of these 12-21 
postvaginal, 22-42 long by 37-61 wide, in approx. 5-7 columns anterior to 
cirrus sac, I layer deep in cross section. Vas deferens minimal, coiling 
anteriorly to cirrus sac, entering cirrus sac at its distal end. Cirrus sac oval, 
250-468 long by 47-88 wide, extending to midline of proglottid, 
containing coiled cirrus; cirrus covered with spinitriches. Genital pores 
marginal, irregularly alternating, 52-55% of proglottid length from 
posterior end in terminal proglottids. Vagina weakly sinuous, extending 
along midline of proglottid from ootype region to anterior margin of 
cirrus sac, then laterally along anterior margin of cirrus sac, opening into 
common genital atrium anterior to cirrus sac; vaginal sphincter not 
observed; seminal receptacle not observed. Ovary near posterior margin of 
proglottid, H-shaped in frontal view, 250-468 long by 229-351 wide, bi-
lobed in cross section, lobulated; ovarian isthmus slightly anterior to 
middle of ovary. Mehlis' gland posterior to ovarian isthmus. Vitellarium 
follicular, in 2 lateral bands; each band consisting of multiple columns of 
follicles, extending almost entire length of proglottid, essentially uninter-
rupted by vagina, cirrus sac, or ovary; vitelline follicles 13-21 long by 25-
38 wide. Uterus ventral, extending anteriorly from level of ovarian bridge, 
stopping 3-4 testes-lengths short of anterior margin of field of testes. 
Excretory ducts 4, lateral. Eggs not observed. 
Taxonomic summary 
Type host: Carcharhinus acronotus (Poey, 1860), blacknose shark 
(Elasmobranchii; Carcharhinidae). 
Additional hosts: None. 
Type locality: Near oil rig MO-990 (29°58' 58.20"N, 88°36' 16.80"W), 
Louisiana, Gulf of Mexico. 
Additional localities: None. 
Site of infection: Spiral intestine. 
Specimens deposited: USNPC No. 101662 (holotype) and USNPC No. 
101663 (1 paratype); LRP Nos. 4292-4294 (3 paratypes including SEM 
strobilar vouchers); scolices prepared for SEM retained in junior author's 
personal collection. 
Etymology: This species is named in honor of Mr. Jody Peterson for his 
assistance with the collection of sharks from the northern Gulf of Mexico, 
including the type host of this species. 
Remarks 
Triloculatum jodyi n. sp. is shorter than T triloculatum (7.6--11.1 vs. 
18.8 mm), possesses a narrower scolex (480-518 vs. 606-738), a pore 
posititfiled more anteriorly in the proglottid (52-55 vs. 41-50% from 
posterior end), and lateral bands of vitelline follicles that are each 
comprised of multiple, rather than 2, columns of vitelline follicles. 
Triloculatum jodyi n. sp. possesses fewer proglottids than T. andersonorum 
and T bullardi (44-50 vs. 78-99 and 60-93, respectively) and fewer mature 
proglottids than T geeceearenlensis and T bullardi (1 vs. 2-4 and 2-7, 
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FIGURES 27-29. Triloculatum bullardi n. sp. (21) Scolex. (28) Hooks. (29) Terminal proglottid. FIGURES 30--32. Triloculatum geeceearelensis n. sp. (30) 
Scolex. (31) Hooks. (32) Terminal proglottid. Abbreviations: L, lateral hook; M, rri'edial hook. 
respectively). It further differs from T andersonorum in possessing 
acraspedote rather than craspedote proglottids and abaxial prongs of 
the lateral hooks that are much more recurved than those seen in the latter 
species, and from T. geeceearenlensis in its narrower maximum width 
(466-519 vs. 719-1,175) and narrower cirrus sac (47-88 vs. 93-173). 
Although no material of "P. triloculatum" from C. acronotus in North 
Carolina was deposited by Campbell (1975), given the host, we suspect his 
material may have been conspecific with T jodyi n. sp. 
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Immature proglottids 54-92 in number, initially wider than long, 
posteriormost immature proglottid 593-637 long by 532-619 wide; 
mature proglottids 0--2 in number, 844-969 long by 517-613 wide; 
gravid proglottids not observed. Testes oval, 139-190 in number, of 
these 17-32 postvaginal, 22-37 long by 42-49 wide, in approx. 7-11 
columns anterior to cirrus sac, I layer deep in cross section. Vas deferens 
minimal, coiling anteriorly to cirrus sac, entering cirrus sac at its distal 
end. Cirrus sac oval, 173-200 long by 42-70 wide, approaching midline of 
proglottid, containing coiled cirrus; cirrus covered with spinitriches. 
Genital pores marginal, irregularly alternating, 43-55% of proglottid 
length from posterior end in terminal proglottids. Vagina sinuous, 
extending along midline of proglottid from ootype region to anterior 
margin of cirrus sac, then laterally along anterior margin of cirrus sac, 
opening into common genital atrium anterior to cirrus sac; vaginal 
sphincter not observed; seminal receptacle not observed. Ovary near 
posterior margin of proglottid, H-shaped in frontal view, 169-310 long 
by 288-380 wide, bi-Iobed in cross section, lobulated; ovarian isthmus 
slightly anterior to middle of ovary. Mehlis' gland posterior to ovarian 
isthmus. Vitellarium follicular, in 2 lateral bands; each band consisting of 
multiple columns of follicles, extending almost entire length of proglottid, 
slightly interrupted by vagina and cirrus sac, uninterrupted by ovary; 
vitelline follicles 11-21 long by 25-50 wide. Uterus ventral, extending 
anteriorly from level of ovarian bridge, stopping 3 testes-lengths short of 
anterior margin of field of testes. Excretory ducts 4, lateral. Eggs not 
observed. 
Taxonomic summary 
Type host: Carcharhinus plumbeus (Nardo, 1827), sandbar shark 
(Elasmobranchii; Carcharhinidae). 
Additional hosts: None. 
Type locality: Off Florida, slightly west of Fort Walton Beach 
(300 21'07.80"N, 86°43'53.40"W), Gulf of Mexico. 
Additional localities: Off the Alabama-Florida state line 
(300 07'60.00''N, 87°27'0.00"W), Gulf of Mexico. 
Site of infection: Spiral intestine. 
Specimens deposited: USNPC No. 101664 (holotype) and USNPC Nos. 
101665-101666 (4 paratypes); LRP Nos. 4295-4299 (5 paratypes including 
SEM strobilar voucher); scolex prepared for SEM retained in junior 
author's personal collection. 
Additional material examined: USNPC Nos. 7686 and 3~804 (vouchers) 
ex C. plumbeus (as C. milbertz), Woods Hole, Massachusetts. 
Etymology: This species is named for the National Marine Fisheries 
Service Research Vessel, the Oregon II, for her facilitation of the collection 
of the type material of this species. 
Remarks 
With respect to its 5 described congeners, T oregontwoae n. sp. 
possesses the longest abaxial prong of the lateral hook (140--151 vs. 10 1-
128 in T triloculatum, 107-117 in T andersonorum, 80--129 in T bullardi, 
87-134 in T geeceearenlensis, and 78-112 in T jodyz). In addition, T 
oregontwoae n. sp. differs from T andersonorum and T jodyi in its 
possession of a larger scolex proper (609-927 long by 624-840 wide vs. 
340-448 long by 454-519 wide and 476-577 long by 480--518 wide, 
respectively) and in its greater number of testes (139-190 vs. 82-122 and 
73-133, respectively). It differs further from T bullardi in possessing 
narrower posteriormost immature proglottids (532-619 vs. 695-1,068) and 
a shorter ovary (169-310 vs. 372-834) and from T geeceearelensis in 
possessing shorter posteriormost mature proglottids (844-969 vs. 1,065-
2,140) and a narrower cirrus sac (42-70 vs. 93-173). It differs from T 
triloculatum, and further differs from T andersonorum, in its possession of 
lateral bands of vitelline follicles that are each comprised of multiple, 
rather than 2, columns of vitelline follicles. The specimens, identified as P. 
triloculatum (see Linton, 1924 and Caira, 1985) and collected from C. 
plumbeus by E. Linton (USNPC No. 7686) and G. MacCallum (USNPC 
No. 35804), are in poor condition and immature, respectively, and thus 
cannot be definitely identified as T oregontwoae. 
Key to species of Triloculatum 
la. 2 bands of vitelline follicles on each side of proglottid . . . . . .. 2 
1 b. >2 bands of vitelline follicles on each side of proglottid ..... 3 
2a. <50 proglottids; total length <10 mm; acraspedote ....... . 
· . . . . . . . . . . . . . . . . . . . . .. T. triloculatum (ex c. obscurus) 
2b. 2:50 proglottids; total length 2:10 mm; craspedote ...... . 
· . . . . . . . . . . . . . . . . . . . .. T andersonorum (ex N. acutidens) 
3a. <135 testes; :51 mature proglottid ... T jodyi (ex c. acronotus) 
3b. Number of testes and number of mature proglottids not as above ... 4 
4a. Abaxial prong oflateral hook 2: 140 IllIl in length; mature proglottid 
length :51,000 IllIl ............ T oregontwoae (ex C. plumbeus) 
4b. Abaxial prong of lateral hook <140!Lm in length; mature 
proglottid length > 1 ,000 IllIl . . . . . . . . . . . . . . . . . . . . . . . .. 5 
5a. With 60--93 proglottids; anterior margin of muscular pad erect; up 
to 3 columns of vitelline follicles in each lateral band ....... . 
. . . . . . . . . . . . . . . . . . . . . . . . . . .. T. bullardi (ex C. brevi pinna) 
5b. With 41-69 proglottids; anterior margin of apical region relaxed; 
up to 2 vitelline follicles in each lateral band ............ . 
· . . . . . . . . . . . . . . . . . . . . .. T geeceearelensis (ex C. isodon) 
DISCUSSION 
At present, the host associations of Triloculatum appear to be 
much narrower than those of Phoreiobothrium. Whereas species in 
the latter genus collectively parasitize a diversity of carcharhinid 
and sphymid shark genera (see Caira et al., 2005), all 6 known 
species of Triloculatum are known only from a subset of 
carcharhinid taxa, with 5 species parasitizing species of Carch-
arhinus and 1 a species of Negaprion Whitley, 1940. No evidence 
of Triloculatum has been seen in any of the other carcharhinid 
genera known to host Phoreiobothrium species, that we have 
examined in some detail, to date. These include the monotypic 
genera Scoliodon Muller & Henle, 1837 (21 specimens), Lamiopsis 
Gill, 1862 (5 specimens), Galeocerdo Muller & Henle, 1837 (8 
specimens), and Prionace Cantor, 1849 (100+ specimens), as well 
as 2-11 specimens of each of 5 species of Rhizoprionodon Whitley, 
1929. Similarly, Triloculatum was not seen in the 3-10 specimens 
of the 5 species of hammerhead sharks (Sphyrna lewini [Griffith & 
Smithe, 1834], Sphyrna mokarran [Ruppell, 1837], Sphyrna tiburo 
[Linnaeus, 1758], Sphyrna zygaena [Linnaeus, 1758], and Eu-
sphyra blochii [Cuvier, 1817]) we have examined, in detail, to date. 
It may be of note that the 6 shark species that are host to 
Triloculatum species are all relatively large, reaching maximum 
total lengths (TL) of at least 200 em according to Compagno et al. 
(2005). This suggests that Triloculatum species may be restricted 
to larger shark species. Three elements of the survey work we have 
conducted on additional Carcharhinus and Negaprion species over 
the last decade support this hypothesis: (1) Although insufficient 
material is available for a formal description, the species reported 
as Phoreiobothrium n. sp. 3 by Caira et al. (2001) from the bull 
shark, C. leucas, possesses 3 subloculi and belongs in Trilocula-
tum; the bull shark reaches a maximum TL 340 em; (2) although 
we have insufficient material to provide a description, we have 
some material of an additional new species with 3 sub loculi from 
the second species of Negaprion, the Atlantic lemon shark, 
Negaprion brevirostris (Poey: 1868); this shark also reaches a 
maximum TL of 340 cm; and (3) the following smaller species of 
Carcharhinus have not been found to host Triloculatum species, 
i.e., Carcharhinus amblyrhynchoides (Whiltley, 1934) (5 speci-
mens), Carcharhinus cautus (Whitley, 1945) (10 specimens), 
Cart!lI:arhinus dussumieri (Valenciennes, 1839) (10 specimens), 
Carcharhinus Jitzroyensis (Whitley, 1934) (3 specimens), Carch-
arhinus macloti (Muller & Henle, 1939) (2 specimens), Carcharhi-
nus melanopterus (Quoy & Gaimard, 1824) (10 specimens), 
Carcharhinus sealei (Pietschmann, 1916) (5 specimens), and 
Carcharhinus sorrah (Valenciennes, 1839) (4 specimens). If our 
hypothesis is correct, given their maximum size according to 
Compagno et al. (2005), additional species of Carcharhinus that 
are likely to yield additional material of Triloculatum include 
Carcharhinus albimarginatus (Ruppell, 1837) (max TL 300 em), 
Carcharhinus altimus (Springer, 1950) (max TL 300 cm), Carch-
arhinus amblyrhynchos (Bleeker, 1856) (max TL 255 em), Carch-
arhinus amboinensis (Muller & Henle, 1839) (max TL 280 em), 
Carcharhinus brachyurus (Gunther, 1870) (max TL 294 cm), 
Carcharhinus falciformis (Bibron, 1839) (max TL 330 cm), 
Carcharhinus galapagensis (Snodgrass & Heller, 1905) (max TL 
370 cm), Carcharhinus limbatus (Valenciennes, 1839) (max TL 
255 em), Carcharhinus longimanus (Poey, 1861) (max TL 395 cm), 
Carcharhinus perezi (Poey, 1876) (max TL 295 cm), and 
Carcharhinus signatus (Poey, 1868) (max TL 280 em). 
The work of Curtis (1911) sheds light on a possible explanation 
for the association of Triloculatum species with larger shark 
species. Through a series of feeding experiments, Curtis demon-
strated that specimens of "Scolex polymorphus" taken from 
Cynoscion regalis (Bloch & Schneider, 1801), the weakfish 
(Sciaenidae) from the Woods Hole region, fed to "sand sharks" 
(Carcharias littoralis [sic]) at Woods Hole, likely developed into 
young T. triloculatum (as P. triloculatum). Cynoscion regalis is a 
relatively large teleost (90 cm TL) (Chao, 2002) that is unlikely to 
be consumed by any but larger, apex predators. Given their 
association with large sharks, we predict that other Triloculatum 
species will also be found to have plerocerci that use large teleosts 
as their final intermediate (or paratenic) hosts. 
Their unique possession of subloculi and trifid hooks provides 
good reason to believe that Phoreiobothrium and Triloculatum are 
sister taxa. It is interesting, then, that species in these 2 genera 
tend to co-occur in the same host species. To date, 3 of the 6 shark 
species that host Triloculatum have also been found to host at 
least 1 species of Phoreiobothrium (see Caira eC aI., 2005): 
Carcharhinus obscurus hosts P. lasium; C. plumbeus hosts P. 
blissorum Caira, Richmond & Swanson, 2005; and N. acutidens 
hosts P. perilocrocodilus Caira, Richmond & Swanson, 2005. We 
are currently in the process of describing new Phoreiobothrium 
species, collected over the course of this study, that include 1 from 
each of C. acronotus, C. brevi pinna, and C. isodon. It seems 
possible that the co-occurrence of members of these 2 genera in 
the same host species may be the result of a duplication event that 
occurred relatively early in the evolution of carcharhinid sharks 
and that was subsequently reflected in the cestode faunas of 
Carcharhinus and Negaprion species over evolutionary time. 
However, formal phylogenetic analysis is required to explore this 
issue further. Of particular interest, in this context, is the 
relationship between Triloculatum and Phoreiobothrium species 
hosted by carcharhinid taxa and Phoreiobothrium species hosted 
by the sister family to the Carcharhinidae, the Sphyrnidae 
(hammerhead sharks). It is of note that, to date, our work has 
not revealed members of the genus Triloculatum in hammerheads. 
We were able to examine the mode of attachment of T. bullardi 
to the mucosal surface of the spiral intestine of its host, the 
spinner shark, Carcharhinus brevi pinna (see Figs. 61-62). Like all 
carcharhinids, this shark possesses a spiral intestine that is of the 
scroll type (Compagno, 1988). Gross examination of the spiral 
intestine in this, and other, carcharhinid shark species indicates 
that the mucosal surface is relatively uniform throughout much of 
its surface, with the exception of the region in the posterior inner 
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region of the scroll and also in the region opposite the peritoneal 
outer covering of the scroll. The surfaces of the mucosa in these 
regions bear much larger ridges and also larger corresponding 
crypts. Sections of T. bullardi in situ show that it embeds its scolex 
within the large crypts located between the large ridges in the 
posterior inner region of the mucosal surface. The difference in 
size between the ridges and crypts of the posterior inner surface 
(bottom half of Fig. 63) and the posterior outer surface (top half 
of Fig. 63) of the scroll is conspicuous. No specimens of T. 
bullardi were found attached to the mucosal surface in regions 
bearing the smaller ridges and crypts. 
Triloculatum appears to have a relatively broad geographic 
distribution. The species reported here are found in the western 
Atlantic Ocean from North Carolina to Massachusetts (T. 
triloculatum,), the Gulf of Mexico (T. bullardi, T. geeceearelensis, 
T. jodyi, and T. oregontwoae), and the Arafura Sea off northern 
Australia (T. andersonorum). In addition, the species reported by 
Caira et al. (2001) occurs in the Gulf of California. We predict 
that examination of additional large Carcharhinus species, many 
of which occur throughout the Pacific Basin, the eastern Atlantic 
Ocean, or both, will substantially extend the known distribution 
of Triloculatum. 
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MOLECULAR SYSTEMATICS OF THE AVIAN SCHISTOSOME GENUS TRICHOBILHARZIA 
(TREMATODA: SCHISTOSOMATIDAE) IN NORTH AMERICA 
Sara V. Brant and Eric S. Loker 
Department of Biology and Center for Evolutionary and Theoretical Immunology, Division of Parasitology, Museum of Southwestern Biology, 
University of New Mexico, 167 Castetter Hall, Albuquerque, New Mexico 87110. e-mail: sbrant@unm.edu 
ABSTRACT: Trichobilharzia is a genus of threadlike schistosomes with a cosmopolitan distribution in birds. Species of Trichobilharzia 
achieve notoriety as major etiological agents of cercarial dermatitis, or swimmer's itch. There are 40 species described in the literature, 
for which the majority lacks molecular sequence information. To better understand the phylogenetic relationships, diversity, species 
boundaries, host use, and geographic distribution of this genus better, we surveyed 378 birds and over 10,000 snails from North 
America. The phylogenetic analysis was based on nuclear 18S, 28S rDNA, internal transcribed spacer region and mitochondrial 
cytochrome oxidase I sequence data. Specimens were recovered that could be related to 6 of the 14 described species of Trichobilharzia 
from North America (Trichobilharzia physellae, Trichobilharzia querquedulae, Trichobilharzia szidati, Trichobilharzia stagnicolae, 
Trichobilharzia franki, and Trichobilharzia brantae). An additional 5 lineages were found that could not be related directly to previously 
described species. Trichobilharzia brantae, transmitted by Gyraulus parvus, grouped outside the clade containing the recognized species 
of Trichobilharzia. A subgroup of the Trichobilharzia clade designated Clade Q was comprised of closely related species whose adults 
and eggs are similar, yet the European species use Iymnaeids whereas the North American species use physids as snail hosts. This 
molecular phylogeny provides a useful framework (I) to facilitate identification of worms, including those involved in dermatitis 
outbreaks; (2) to test hypotheses about the evolution, diversification, host-parasite interactions and character evolution of 
Trichobilharzia; and (3) to guide future taxonomic revision of Trichobilharzia. 
Trichobilharzia (Skrjabin and Zakharov, 1920) is the most 
speciose genus within the Schistosomatidae (Weinland, 1858). The 
genus is comprised of 40 described species worldwide (Blair and 
Islam, 1983; Horak et ai., 2002), of which 14 (Table I) have been 
described from North America. Members of this genus are 
reported to infect 5 orders of aquatic birds and 4 families of 
freshwater snails (Horak et ai., 2002). Adult worms occur in the 
mesenteric or nasal veins of their definitive hosts, usually ducks, 
except in Africa, where they also have been reported from other 
groups of aquatic birds such as grebes and ibises (Fain, 1956; 
Blair and Islam, 1983, and in Japan, from passerine birds (Oda, 
1973). Blair and Islam (1983) and Horak et ai. (2002) present the 
most recent reviews of this genus. The known snail intermediate 
hosts for most of the species are members of theoasommato-
phoran families Lymnaeidae Rafinesque, 1815 and Physidae 
Fitzinger, 1833. Some species of Trichobilharzia also infect snails 
of the Planorbidae Rafinesque, 1815, another basommatophoran 
family (Basch, 1966; Nassi, 1987; Rind, 1991), and the Pleurocer-
idae Fischer, 1885, a caenogastropod family (Ito, 1960a, 1960b). 
The 14 described North American species of Trichobilharzia 
(Table I) are transmitted by physid snails (Trichobilharzia 
physellae, Trichobilharzia querquedulae, Trichobilharzia adamsi, 
Trichobilharzia cameroni, and Trichobilharzia oregonensis) or 
lymnaeids (Trichobilharzia stagnicolae, Trichobilharzia elvae, 
Trichobilharzia alaskensis, and Trichobilharzia ocellata) snails. 
The snail hosts of Trichobilharzia waubesensis, Trichobilharzia 
kegonsensis, Trichobilharzia burnetti, Trichobilharzia horiconensis, 
and Trichobilharzia brantae (the latter until this study) are 
unknown. All of the North American species occur in anatid 
ducks (Anatinae, Aythyinae, Merginae), except T. brantae, which 
infects geese (Anserinae). 
Cercariae of species of Trichobilharzia were the first to be 
implicated in causing cercarial dermatitis or swimmer's itch (Cort, 
1928), an underappreciated and underreported condition occur-
ring worldwide except in Antarctica (Cort, 1950; Lindblade, 1998; 
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Larsen et ai., 2004). Contemporary swimmer's itch cases are most 
frequently caused by Trichobilharzia spp. cercariae (Loken et ai., 
1995; Kolarova et ai., 1997; Voronin and Beer, 2002; Farahnak 
and Essalat, 2003; Bouree and Caumes, 2004; Sheng et ai., 2004; 
Zbikowska, 2004; Coady et ai., 2006; Brant and Loker, 2009), 
although species in several other genera of avian schistosomes can 
also cause swimmer's itch (Buckley, 1938; Cort, 1950; Stunkard 
and Hinchliffe, 1952; Chu, 1958; Tang and Tang, 1976). 
Avian schistosomes, including Trichobilharzia, are a challenging 
group to identify and fully characterize because of the difficulties in 
obtaining intact adult specimens, the paucity of informative adult 
characters, the short duration of infection in birds, and the 
difficulty of experimentally completing life cycles, thereby relating 
the adult worms in birds to their larval stages, including cercaria, 
from snails. Moreover, changes over the last several decades in land 
use and water management have altered habitats for birds and 
snails, leaving no guarantee that transmission dynamics and species 
composition reported in the original species descriptions remain the 
same. Compounding this problem, morphological and behavioral 
features of the worms may vary depending on their age, season, 
age, and size of the host, and whether or not worms have been 
collected from a primary or minor host (McMullen and Beaver, 
1945; Wu, 1953; FaIT and Blankemeyer, 1956; Stunkard, 1959; 
Combes, 1967; Bayssade-Dufour et ai., 2006). In an understand-
able effort to identify dermatitis-causing schistosomes, some 
species were named based on only cercariae or on variable or 
difficult-to-locate adult morphological features, e.g., length, testes 
arrangement, position of the cecal reunion. The lack of clearly 
distinguishable features to identify Trichobilharzia and other avian 
schistosomes, including their cercariae, has impeded our under-
standing of the etiology and epidemiology of swimmer's itch. 
The application of molecular systematics methods to this group 
of worms offers great promise as an initial step in resolving many 
of these difficulties. Molecular markers have expanded our 
und~anding of schistosome parasites by permitting much less 
ambiguous identification of species or distinct genetic lineages 
(Morgan, Dejong, Kazibwe et ai., 2003; Morgan, Dejong, 
Lwambo et ai., 2003; Brant and Loker, 2005; Vilas et ai., 2005; 
Brant et ai., 2006; Stefka et ai., 2009). The solid reference points 
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TABLE I. List of the North American species of Trichobilharzia and their definitive and intermediate hosts from the type species descriptions. 
Species 
Trichobilharzia adamsi 
Trichobilharzia alaskensis 
Trichobilharzia brantae 
Trichobilharzia burnetti 
Trichobilharzia cameroni 
Trichobilharzia elvae 
Trichobilharzia horiconensis 
Trichobilharzia kegonsensis 
Trichobilharzia ocellata 
Trichobilharzia oregonensis 
Trichobilharzia physellae 
Trichobilharzia querquedulae 
Trichobilharzia stagnicolae 
Trichobilharzia waubesensis 
Edwards & Jansch, 1955 
Harkema, 1960 
Farr & Blankemeyer, 1956 
Brackett, 1942 
Wu,1953 
(Miller, 1923) Talbot, 1936 
Brackett, 1942 
Brackett, 1942 
(La Valette, 1855) Brumpt, 1931 
MacFarlane & Macy 1946 
(Talbot, 1936) McMullen & Beaver, 1945 
McLeod, 1937 
(Talbot, 1936) McMullen & Beaver, 1945 
Brackett, 1942 
• Exp=experimental exposure; t Type host. 
provided by DNA sequence data permit differentiation of 
morphologically similar parasites and the linking of different life 
cycle stages that may have been collected decades apart (Vilas et 
aI., 2005; Brant et aI., 2006). These DNA sequences can be used to 
augment taxonomy and species delimitation, as corroborating 
evidence for existing hypotheses, or for falsifying systematic 
hypotheses (DeSalle et aI., 2005). 
Throughout this article, we focus on a clade of schistosomes 
found in birds, herein designated as the BTGD clade (sensu Brant 
et aI., 2006). Carmichael (1984), using morphological characters, 
was the first to propose the phylogenetic relationships within 
Schistosomatidae aJid placed Trichobilharzia spp. within the 
BTGD clade. To date, molecular phylogenetic analyses under-
taken for Trichobilharzia include only 3 species (Trichobilharzia 
franki (MUller and Kimmig, 1994), Trichobilharzia szidati 
Neuhaus, 1952, and Trichobilharzia regenti Horak et aI., 1998), 
all believed to be primarily European in distribution (picard and 
Jousson, 2001; Dvorak et aI., 2002; Ferte et aI., 2005; Rudolfova 
et aI., 2005, 2007; Jouet et aI., 2008; Aldhoun et aI., 2009). This 
leaves the remaining 37 putative species virtually unknown with 
respect to molecular markers. To expand our knowledge of the 
systematics of Trichobilharzia spp., we surveyed North American 
birds and freshwater snails and incorporated these data into a 
molecular phylogenetic analysis. These results will be valuable for 
future taxonomic revisions of the genus and this framework will 
shed new light on understanding the origins, radiation, evolution 
and patterns of host usage of this diverse group of blood flukes. 
They will also assist investigators seeking more precise identifi-
cation of the cercariae involved in dermatitis outbreaks, and will 
contribute to the eventual unraveling of the complex etiology of 
this common affliction. 
MATERIALS AND METHODS 
Specimen collection and examination 
Birds were obtained from a variety of sources: our own hunting! 
collecting, hunters, or frozen carcasses provided by the State of New 
Mexico Department of Game and Fish or the Museum of Southwestern 
Biology, Division of Ornithology. The viscera and nasal tissues of freshly 
killed birds were examined in saline for schistosomes between 30 min to 
12 hr postmortem. Frozen birds were thawed and examined immediately. 
Intermediate host Definitive host Type locality 
Physa gyrinat *Exp: peking duck Canada 
Lymnaea stagnalist Exp: peking duck Alaska 
unknown Branta canadensist Virginia 
unknown Aythya collarist Wisconsin 
Physa gyrinat Exp: canary, pigeon, Canada 
domestic duck 
Lymnaea stagnalist Exp: peking & black duck Michigan 
unknown Anas americanat Wisconsin 
unknown Aythya valisinerat Wisconsin 
Lymnaea stagnalist Exp: domestic duck Germany 
Physa gyrinat Exp: peking duck Oregon 
Physa parkerit Exp: domestic duck Michigan 
Anas discorst Canada 
Stagnicola emarginatat Exp: canary Michigan 
unknown Anas americanat Wisconsin 
The intestine was divided into thirds and scrapings were made to look for 
eggs. Worms were teased out and either relaxed and killed in hot water or 
placed immediately into 95% ethanol for subsequent DNA analysis. 
Y oung-of-the-year birds, targeted and collected by us before their flight 
feathers had developed, were collected in Churchill, Manitoba, and 
Douglas Lake, Michigan as a way to guarantee that their parasites were 
acquired from their natal habitats. 
Snails were collected by hand or wire mesh scoop and kept cool and 
moist until being returned to the lab. Each snail was isolated individually 
in a 24-well tissue culture plate in artificial spring water and placed in 
natural light to induce cercarial shedding. If conditions allowed, snails that 
did not shed the first day were placed in aerated containers with lettuce 
and screened again 2-7 days later. In most cases, snails shed cercariae 
within 30 min after being placed in natural light. All schistosome cercariae 
were saved in 95% ethanol. 
Adult worms were stained in Semichon's acetocarmine and mounted in 
Canada balsam on slides for measurements and morphological observa-
tion (Pritchard and Kruse, 1982). Specimens collected from this study were 
identified both by morphology (when possible) and by DNA sequence. 
Morphological determinations were made by comparison with the original 
species descriptions, and if available, with voucher specimens from the 
U.S. National Parasite Collection: T. kegonsensis (USNPC 044865), T. 
horiconensis (USNPC 044866), T. burnetti (USNPC 044867), T. waube-
sensis (USNPC 044868), T. querquedulae (USNPC 079068), T. physellae 
(USNPC 079636, 083314), and T. brantae (USNPC 047609). Voucher 
specimens for adults and cercariae from this study were deposited in the 
Division of Parasitology, Museum of Southwestern Biology, University of 
New Mexico, Albuquerque, New Mexico (accession numbers: T. brantae 
male and cercariae MSB Para 176, 182, 184; T. physellae males and 
cercariae MSB Para I 77-178; T. stagnicolae cercariae MSB Para179; T. 
querquedulae males and cercariae MSB Para180, 181, 183). 
Life-cycle investigations 
Host verification: In an attempt to verify host use, snails or domestic 
ducks were exposed experimentally to species of Trichobilharzia. Miracidia 
were hatched from eggs by rinsing and then diluting the feces of the avian 
host in artificial spring water in an Erlenmeyer flask. All but the neck of 
the flask was covered with aluminum foil, leaving just the top exposed to 
light, to concentrate miracidia (McMullen and Beaver, 1945). Flasks were 
placed in natural light and miracidia were collected within 30 min. Snails 
were isolated individually in a tissue-culture well plate with artificial spring 
water and were exposed each to 3 miracidia. The wells were examined after 
1 hr-.ttol ensure no miracidia remained. Snails were screened for cercariae 
shedding 3-6 wk postinfection (PI). To verify that adult worms and 
miracidia derived from the same bird were the same species (in cases where 
both were collected), coxl and ITS were sequenced for both. Any worms 
collected from experimental infections were also sequenced for coxl and 
ITS and compared to the initial life-cycle stage used in the experiment to 
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verify it was the same species. This was done both to confirm that adults 
and cercariae were the same species and that all worms collected from 
experimental infections were identical. 
Trichobilharzia querquedulae: In April 2004, at Bitter Lake National 
Wildlife Refuge, lab-reared strains of Physa acuta Draparnaund, IS05 (n 
= 30), and Stagnicola elodes (Say, IS21; n = 30), in addition to 
prescreened and trematode-negative wild-caught Gyraulus parvus (Say, 
ISI7) n = 10, found not to be shedding cercariae over a 3-day period, were 
exposed to miracidia. Half the snails of each species were exposed to 
miracidia from cinnamon teal, Anas cyanoptera Vieillot, ISI6, and the 
other half to miracidia from blue winged teal, Anas discors L. 
Trichobilharzia physellae: In March 2005, at Bitter Lake National 
Wildlife Refuge, New Mexico, lab-reared Physa gyrina (Say, IS21; n = 
30), and S. elodes (n = 30) were exposed to miracidia from either the lesser 
scaup, Aythya affinis (Eyton, IS3S), or the bufflehead, Bucephalus albeola 
L. At Douglas Lake, Michigan, in August 2005, wild-caught Stagnicola 
emarginata Say, IS21 (n = 10) and Physa parkeri Currier, IS6S (n = 10), 
determined not to be shedding cercariae over a 3-day period, were exposed 
to miracidia of T physellae hatched from the feces of Mergus merganser L. 
collected from the lake. 
Trichobilharzia stagnicolae: In August 2005, individuals of the type host 
species, S. emarginata, were collected from the type locality for T 
stagnicolae at Douglas Lake, University of Michigan Biological Station 
(McMullen and Beaver, 1945). Morphology of the cercariae collected was 
consistent with the original descriptions by Talbot (1936) and McMullen 
and Beaver (1945). Six domestic mallards and 6 peking ducks, all 10 days 
old, were exposed to about 100 cercariae each for up to 30 min. The birds' 
feet were checked for cercarial dermatitis to determine if penetration had 
occurred. Feces were examined every other day from 1-4 wk PI. The birds 
were killed at either 2 and 4 wk PI and examined for worms. Ten 
specimens each of wild-caught S. emarginata (n = 10) and P. parkeri (n = 
10) from Douglas Lake determined not to be shedding cercariae over a 3-
day period were exposed to miracidia of T stagnicolae from the common 
merganser, M. merganser, collected from the same lake. 
Sequencing data and phylogenetic analysis 
DNA was extracted frpm fresh or alcohol-preserved worms with the 
DNeasy Tissue Kit (Qiagen, Valencia, California) according to manufac-
turer's guidelines or HotShot Lysis (Truett et a!., 2000). In a few cases, 
multiple worms from a single host were extracted. DNA was amplified by 
polymerase chain reaction (Takara Ex Taq kit, Takara Biomedicals, Otsu, 
Japan) and sequenced with the use of previously published primers. For 
ISS-2SS, we used primers listed in Brant et a!. (2006). For ITS, we used 
its4, its5 (Dvorak et a!., 2002), 3S (Bowles et a!., 1995), and 4S (Bowles and 
McManus, 1993). We designed primers for coxl: COIFI5: 5'-TTT NTY 
TCT TTR GAT CAT AAG C-3' and COIRI5: 5'-TGA GCW AYH 
ACA AAY CAH GTA TC-3' and an internal sequencing primer 
COIRH3R: 5'-TAA ACC TCA GGA TGC CCA AAA AA-3'. PCR 
products were purified with Montage Microcon columns (Millipore, 
Billerica, Massachusetts). Sequencing reactions were performed with 
Applied Biosystems BigDye direct sequencing kit, version 3.1 (Applied 
Biosystems, Foster City, California). 
Phylogenetic analyses were performed on 6 different data sets. The first 
data set was comprised of combined ISS-2SS sequence data to place the 
samples collected for this study within the larger context of the 
Schistosomatidae (Snyder, 2004; Brant et a!., 2006). The second data set 
comprised a combined matrix of ISS-2SS-partial ITS (ITSI-5.SS-ITS2)-
cox 1 regions to reconstruct the relationships within the genus with existing 
isolates of Trichohilharzia from GenBank and included a greater sampling 
of individuals from more localities and hosts from our collections. The 
third and fourth data sets included separate analyses to look at congruence 
between nuclear DNA (ITSI-5SS-ITS2) and mtDNA (coxl). The ITSl-
5.SS-ITS2 region was used because it was the only region that was 
conserved enough to align unambiguously all available schistosomes. The 
fifth data set was ITSl, and included T franki samples as well as samples 
of Trichobilharzia spp. that were designated as unidentified from Europe 
from the studies of Picard and Jousson (2001) and Rudolfova et a!. (2007). 
The sixth data set was ITS2 that included T franki samples from Jouet et 
a!. (200S). The last 2 analyses were to assess the positions of all available 
European taxa in GenBank relative to the North American taxa. 
Phylogenetic analyses using maximum parsimony (MP), maximum 
likelihood (ML), and minimum evolution (ME) were carried out with the 
use of PAUP* ver 4.0blO (Swofford, 2002) and Bayesian inference (BI) 
with the use of MrBayes (Huelsenbeck and Ronquist, 2001; Ronquist and 
Huelsenbeck, 2003). jModeltest (Posada, 200S) was used to determine the 
best nucleotide substitution model for ML and ME analyses. In cases 
where the Bayesian information criteria (BIC) or Akaike information 
criteria (AIC) criteria selected different models, both were used in analyses 
and in all cases, the tree topologies were the same. The combined ISS-2SS-
ITS-coxl was rooted with members of Schistosoma Weinland, IS5S, 
because ITS sequences were available only for Schistosoma. 
The model, GTR+I+G, from jModeltest was used for both combined 
data sets, as well as for the ITSI data set. For coxl, ITS2, and ITSI-5.SS-
ITS2, the model TVM+I+G was selected for ML and ME analyses. For 
BI, a mixed model approach was implemented to account for the potential 
differences in evolutionary model parameters between data partitions 
(both genes and codon positions). Parsimony trees were reconstructed 
with the use of heuristic searches, random taxon-input order and tree-
bisection and reconnection (TBR) branch swapping. Optimal ME and ML 
trees were determined from heuristic searches (50 replicates for ME, 5 
replicates for ML), random taxon-input order, and TBR. Nodal support 
was estimated by bootstrap (l00 replicates) and was determined for the 
MP and ME trees with the use of heuristic searches, each with random 
taxon-input order. In all BI that included cox 1, the data set was 
partitioned by codon positions. For the BI of the ISS-2SS-ITS-coxl data 
set, there were 4 partitions defined by first ISS, 2SS (Nst = 6 rates = 
gamma ngammacat = 4), second coxl codonl, third coxl codon2, and 
fourth coxl codon3 (Nst = 6 rates-invgamma ngammacat = 4). All 
parameters were unlinked between partitions. For all the analyses, 4 
chains were run simultaneously for 5 X 105 generations, trees sampled 
every 100 cycles, the first 5,000 trees with preasymptotic likelihood scores 
were discarded as burnin, and the retained trees were used to generate 50% 
majority-rule consensus trees and posterior probabilities. 
RESULTS 
Specimen collections 
Results of the survey for species of Trichobilharzia in North 
American birds and snails are reported in Table II and Figure I. 
Eleven lineages of Trichobilharzia were collected and the collection 
localities of specimens used in the phylogenetic analyses are listed in 
Table III. In total, 378 birds of 46 species were necropsied (Fig. 1, 
Table II), of which 92 birds were infected with Trichobilharzia 
(overall prevalence 24.5%). Nine of 11 lineages were recovered as 
adults (l as a miracidium only, and 8 as both). Approximately 
10,000 snails representing 4 families and 21 species were examined, 
of which 20 snails were infected with a species of Trichobilharzia, 
representing 7 of the II species (Table II). In most cases, prevalence 
of Trichobilharzia infections in snails was approximately 1 %. 
However, at Glen Lake in Michigan, the prevalence of T. 
stagnicolae in S. emarginata was 30%. No nasal schistosomes were 
found, nor were any cercariae found that were genetically similar to 
the nasal schistosome, T. regenti. Three species of Trichobilharzia 
(T. physellae, T. querquedulae, and T. brantae) were identified; their 
adult morphology corresponded to the original species descriptions 
(Table IV, V). One species collected was from cercariae with 
sequence data that matched GenBank sequences attributed to T. 
szidati (Table III). Another species that was collected as immature 
adults had sequence data that matched GenBank sequences 
attributed to T. franki. Adult worms in the lineage identified as 
T. querquedulae could be differentiated from T. physellae and T. 
franki by the position of the cecal reunion and the number of testes 
(Table"IV). Also, adults of the lineage identified as T. physellae are 
consistently smaller and have a shorter gynaecophoric canal as 
compared to T. querquedulae (Table IV). 
A fifth schistosome that we identified provisionally as T. 
stagnicolae (Talbot, 1936; McMullen and Beaver, 1945) was 
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TABLE II. List of the hosts examined harboring species of Trichobilharzia. Localities are labeled with the U.S. state abbreviation, except for Manitoba, 
Canada (MB). Schistosomes were found in hosts and localities in bold. See text for further description. 
Number Viscera Nasals 
North America Avian Host examined positive examined Species of Trichobilharzia North American State 
Larus delawarensis 5 0 0 LA,CA 
Larus delawarensis 10 0 0 CA 
Larus cali/ornicus 0 0 CA 
Larus fuscus 0 0 LA 
Sterna maxima 0 0 LA 
Anhinga anhinga 10 0 0 FL,LA 
Phalacrocorax auritus 2 0 0 LA 
Pluvialis dominica I 0 0 LA 
Egretta tricolor 0 011 LA 
Egretta thula 0 0/1 LA 
Plegadis chihi 6 0 0 LA 
Eudocimus albus 12 0 0/5 LA 
Aramus guarauna I 0 0 FL 
Podilymbus podiceps 2 0 0 NM 
Gavia immer 0 0 NM 
Xanthocephalus xanthocephalus 0 0 NM 
Aythya affinis 28 11 0/7 T physellae AK, CA, LA, NM, PA 
Aythya americana 4 0 0 CA, LA, NM 
Aythya collaris 5 I 0 T physellae CA, LA, NM 
Aythya marila 9 0 0 AK,PA, MB 
Aythya valisineria 5 0/3 T physellae NM,NV 
Anas acuta 23 I 0/1 Trichobilharzia sp. E AK, CA, LA, NV, NM, MB 
Anas americana 23 8 0/1 Trichobilharzia spp. A and B AK,CA,NM 
Anas carolinensis 41 4 0/7 Trichobilharzia physellae AK, CA, LA, NM, PA 
Anas clypeata 22 20 0/13 T querquedulae AK, CA, LA, NE, NM, MB 
Anas cyanoptera 12 II 0/2 T. querquedulae CA,NM 
Anas discors 20 20 0/4 T querquedulae CA, FL, LA, NM, PA 
Anas fulvigula 5 0 0/3 LA 
Anas platyrhynchos 12 2 0/3 T physellae AK, LA, MI, PA, 
Anas rubripes 3 0 0 PA 
Anas strepera 27 I 0/5 T physellae LA, NM,PA 
Aix sponsa 4 'I 011 T. physellae LA, NM, PA 
Bucephala alheola 8 I 0 T. physellae NM,NV,PA 
Bucephala clangula 3 0 0 CA,NM 
Clangula hyemalis 9 I 0 T. physellae AK 
Histrionicus histrionicus 0 0 AK 
Lophodytes cucullatus 5 0 Trichobilharzia sp. C LA, PA 
Mergus merganser 6 3 011 T. stagnicolae + T. physellae MI 
Mergus serra tor 3 0 0 CA,NM 
Oxyura jamaicensis 6 0 0/2 CA, NM, NV 
Melanitta fusca 5 0 0 AK,MB 
Melanitta perspicillata 3 0 0 AK 
Somateria mollissima I 0 011 MB 
Cygnus columbianus 13 0 0/5 * NV,NM 
Chen caerulescens 9 2 0/7 Trichobilharzia brantae LA,NM,MB 
Branta canadensis 7 3 0/5 T. brantae NM, NV,MB 
Snail Hosts 
Physidae 
Physa gyrina T. physellae CA, MT, MN, NE, NM, NV, MB 
Physa acuta T. querquedulae experimental in NM 
Physa parkeri T physellae MI,MN 
Aplexa sp. MB 
Lymnaeidae 
Stagnicola emarginata T. stagnicolae MI,MN 
Stagnicola elrodi T szidati MT,MN,MB 
Stagnicola elodes ..... MN,NM 
Stagnicola sp. Trichobilharzia sp. D MB 
Stagnicola sp. Trichobilharzia sp. E MB 
Radix auricularia NM 
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TABLE II. Continued. 
North America Avian Host 
Fossaria sp. 
Lymnaea stagnalis 
Bulimnaea megasoma 
Planorbidae 
Gyraulus parvus 
Planorbula armigera 
Promenetus exacuous 
Pecosorbis kansasensis 
Helisoma trivolvus 
Helisoma anceps 
Number Viscera Nasals 
examined positive examined Species of Trichobilharzia 
T szidati 
T brantae 
North American State 
NM 
AK, MI, MT, MN, MB 
MN 
CO, MT, MN, MB 
MN 
MN 
NM 
LA, NM, MI, MN 
MI,MN 
* This host had Allobilharzia visceralis reported in Brant, 2007. The '+' indicates co-infection in all three hosts examined. 
collected as eggs/miracidia from mergansers. McMullen and 
Beaver (1945) described T. stagnicolae from an experimental 
infection in canaries; their study is the only description and 
record of T. stagnicolae adults. Subsequent reports of presump-
tive T. stagnicolae in the literature have been as cercariae from 
S. emarginata (Swales, 1936; McLeod, 1940; Elliott, 1942; 
Zischke and Zischke, 1968; Keas and Blankespoor, 1997; 
Leighton et aI., 2000; Blankespoor et aI., 2001; Coady et aI., 
FIGURE I. Collection localities. Refer to Table III for more details. Localities are as follows: (1) Canada: Manitoba, Churchill, 58.7541°N, 
93.8066°W, July/August 2007; (2) Colorado: EI Paso County, 38.827°N, 104.804°W, June 2007; (3) New Mexico: Bernalillo County, 35. I 305°N, 
106.6822°W, July 2002; (4) New Mexico: Sandoval County, 35.8485°N, 106.490rW, July 2006; (5) Pennsylvania: Erie County, 42.1703°N, 80.0868°W, 
November 2004; (6) New Mexico: Chavez County, 33.45°N, 104.4°W, April 2005, March 2006; (7) Alaska: North Slope Borough, 68.9820o N, 
148.8318°W, June 2005; (8) Nevada: Churchill County, 39.9°N, 118.817°W, November 2005; (9) Michigan: Cheboygan County, 45.581 ON, 84.697°W, 
July, 1999, August 2005; (10) Florida; (11) Louisiana, Cameron Parish, 26.661~; 92.688°W, November 2003; (12) California: Imperial County, 
33.2988°N, 115.5875°W, November 2004; (13) New Mexico: Socorro County, 33.7131°N, 106.9579°W, April 2004; (14) Alaska: Yukon-Koyukuk 
Borough 65.665°N, 149.098°W, May 2005; (15) Nebraska: Nemaha County, 40.467°N, 95.7°W, November 2004; (16) Montana: Big Fork Lake County, 
47.483°N; 114.21 TW, 1999; (17) New Mexico: Taos County, 36.8467°N, 105.3794°W, June 2004; (18) Minnesota: Itasca County, 47.51OoN, 94.l8SOW, 
July 2008; (19) Michigan: Luce County, 46.667°N, 85.733°W, July 1999; (20) New Mexico: Sierra County, 32.9071°N, 107.3116°W, February 2005; (21) 
Pennsylvania: Crawford County, 41.57SON; 80.212°W, November 2004. 
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TABLE III. The host and locality origin of the specimens used in this study. Numbered localities were collected for this study and relate to Fig. 1. 
Life GenBank Accession numbers 
cycle 
Schistosome Taxa Host stage Locality 18S 28S ITS COl Reference 
Trichobilharzia brantae 
W340 sngo MB Chen caerulescens A* I Canada FJl74451 FJl74467 FJl74533 FJ174482 This paper 
W346 Gyraulus MB Gyraulus parvus C I Canada FJl74534 This paper 
W330 Gyraulus CO Gyraulus parvus C 2 Colorado FJl74450 FJl74466 FJl74532 FJl74484 This paper 
W331 Gyraulus CO Gyraulus parvus C 2 Colorado FJl74531 This paper 
This paper 
Trichohilharzia franki Radix sp. C Germany FJ711767 FJ711768 FJl74530 This paper 
T.franki Ra Cz Radix auricularia C Czech Republic AF356845 Dvorak et aI., 2002 
Tfranki Ral Radix auricularia C Czech Republic AY713969 Rudolfova et aI., 2005 
Tfranki Ra2 Radix auricularia C Poland AY713964 Rudolfova et aI., 2005 
T.franki Ra3 Radix auricularia C Poland AY713966 Rudolfova et aI., 2005 
T.franki Ra FO I Radix auricularia C France AY795572 Ferte et aI., 2005 
T.franki LsI Lymnaea stagnalis C Czech Republic AY713973 Rudolfova et aI., 2007 
Tfranki Rail Radix auricularia C Switzerland AJ312041 Picard & Jousson, 2001 
T.franki Ra22 Radix auricularia C Switzerland AJ3 I 2042 Picard & Jousson, 2001 
Tfranki ov 1 Radix ovata C Switzerland AJ312043 Picard & Jousson, 2001 
Tfranki ov2 Radix ovata C Switzerland AJ312044 Picard & Jousson, 2001 
Tfranki ov3 Radix ovata C Switzerland AJ312045 Picard & Jousson, 2001 
Tfranki ov4 Radix ovata C Switzerland AJ312046 Picard & Jousson, 2001 
Trichobilharzia physellae 
W146 Physa NM Physa gyrina C 3 New Mexico FJl74568 FJl74513 This paper 
W263PhysaNM Physa gyrina C 4 New Mexico FJl74562 FJl74523 This paper 
WI71lesc PA Aythya aJJinis A 5 Pennsylvania FJl74564 FJl74515 This paper 
W193 lesc NM Aythya ajJinis A 6 New Mexico FJl74457 FJl74473 FJl74518 This paper 
Table III cont 2 
W212lesc AK Aythya affinis A 7 Alaska FJl74563 FJl74512 This paper 
W256lesc NM Aythya aJfinis A 6 New Mexico FJl74575 FJl74522 This paper 
W194 ridu NM Aythya col/aris A 6 New Mexico FJl74566 FJl74517 This paper 
W249 caba NV Aythya valisineria A 8 Nevada FJl74565 This paper 
W255 buhe NM Bucephala albeola A 6 New Mexico FJl74458 FJl74474 FJl74561 FJ174514 This paper 
W21l olsq AK Clangula hyemalis A 7 Alaska FJl74516 This paper 
W230.I come MI Mergus merganser M :9 Michigan FJl74567 FJl74521 This paper 
W234 come MI Mergus merganser M 9 Michigan FJl74569 FJl74519 This paper 
W236 Physa MI Physa parkeri C 9 Michigan FJl74459 FJl74475 FJl74520 This paper 
Trichobilharzia querquedulae 
E45 bIte FL Anas discors A IO Florida FJl74453 FJl74469 FJl74555 FJl 745 IO This paper 
E64 bIte FL Anas discors A 10 Florida FJl 745 II This paper 
W137 bite LA Anas discors A I I Louisana FJl74452 FJl74468 FJl74558 FJl74498 This paper 
WI56 bIte NM Anas discors A 6 New Mexico FJl74554 FJl74502 This paper 
WI90 bite CA Anas discors A 12 California FJl74550 FJ174507 This paper 
W148.I cite NMt Anas cyanoptera A 13 New Mexico FJ174559 FJl74499 This paper 
W148.2 cite NM Anas cyanoptera A 13 New Mexico FJl74500 This paper 
W155.3 cite NM Anas cyanoptera A 13 New Mexico FJl74553 FJl74501 This paper 
WI80 cite CA Anas cyanoptera A 12 California FJl74454 FJ174470 FJl74556 FJl74505 This paper 
W135 nosh LA Anas clypeata A 11 Louisana FJl74557 FJl74497 This paper 
W203 nosh AK Anas clypeata A 14 Alaska FJl74552 FJ174508 This paper 
WI58 nosh NM Anas clypeata A 6 New Mexico FJl74549 FJl74503 This paper 
WI62 nosh NM Anas clypeata A 6 New Mexico FJ174551 FJ174504 This paper 
WI83 nosh CA Anas clypeata A 12 California FJl74560 FJl74506 This paper 
SDSI006 nosh NE Anas clypeata A 15 Nebraska FJl74548' This paper 
W345 nosh MB Anas clypeata A I Canada FJl74547 FJ174509 This paper 
Trichobilharzia regenti Radix peregra C Czech Republic AY157219 AY157245 AY157190 Lockyer et aI., 2003 
T regenti PII 4 Anas clypeata M Poland EF094533 Rudolfova et aI., 2006 
T regenti Pll 7 Aythya fuligula M Poland EF094534 Rudolfova et aI., 2006 
T regenti Pl20 Anas M Poland EF094535 Rudolfova et aI., 2006 
platyrhynchus ",', 
T regenti Pl27 Anas M Poland EF094537 Rudolfova et aI., 2006 
platyrhynchus 
T regenti Cz31 Anas M Poland EF094538 Rudolfova et aI., 2006 
platyrhynchus 
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TABLE III. Continued. 
Life GenBank Accession numbers 
cycle 
Schistosome Taxa Host stage Locality 18S 28S ITS COl Reference 
T regenti Cz79 Anas clypeata M Czech Republic EF094540 Rudolfova et aI., 2006 
T regenti ad1 Anas A Switzerland AJ312049 Picard & Jousson, 2001 
platyrhynchus 
T regenti ov1 Radix ovata C Switzerland AJ312047 Picard & Jousson, 2001 
T regenti ov2 Radix ovata C Switzerland AJ312048 Picard & Jousson, 2001 
Trichohilharzia stagnicolae 
W240 come MI Mergus merganser M 9 Michigan FJl74462 FJl74478 FJ174544 FJl74490 This paper 
W230.2 come MI Mergus merganser M 9 Michigan FJl74545 FJl74493 This paper 
Stagnicola MT Stagnicola sp. C 16 Montana FJl74541 FJl74488 This paper 
DouglasLake Stagnicola MI Stagnicola C 9 Michigan FJl74463 FJl74479 FJJ74546 FJl74489 This paper 
emarginata 
W164 Stagnicola NM Stagnicola sp. C 17 New Mexico FJl74461 FJl74477 FJl74540 FJl74492 This paper 
W224 Stagnicola MI Stagnicola C 9 Michigan FJ174542 FJl74494 This paper 
emarginata 
W229 Stagnicola MI Stagnicola C 9 Michigan FJ174543 FJl 7449 I This paper 
emarginata 
W400 Stagnicola MN Stagnicola C 18 Minnesota 
emarginata 
Trichobilharzia szidati Lymnaea stagnalis C Czech Republic AF263828 AYI57191 Dvorak et aI., 2002 
AY157219 AY157245 Lockyer et aI., 2003 
Blind Sucker Lymnaea MI Lymnaea stagnalis C 19 Michigan FJ174460 FJl74476 FJl74538 FJl74496 This paper 
Flathead Stagnicola MT Stagnicola elrodi C 16 Montana FJl74539 FJl74495 This paper 
T szidati Ls5 Lymnaea stagnalis C Poland AY713967 Rudolfova et aI., 2006 
T szidati ToA Lymnaea stagnalis C Netherlands AY713970 Rudolfova et aI., 2005 
T szidati ToE Lymnaea stagnalis C Germany AY713971 Rudolfova et aI., 2005 
T szidati Tsz Lymnaea stagnalis C Czech Republic AY713972 Rudolfova et aI., 2005 
T szidati PI21 Anas M Poland EF094536 Rudolfova et aI., 2006 
platyrhynchos 
T szidati Czll Anas A Czech Republic EF094541 Rudolfova et aI., 2006 
platyrhynchos 
Unspecified species of 
Trichobilharzia 
Trichobilharzia sp. 3 PI! 0 Anas penelope M Poland EF094531 Aldhoun et aI., 2009 
Trichobilharzia sp. 3 PI7 Anas penelope M Poland EF094532 Aldhoun et aI., 2009 
Trichobilharzia sp. EANI7 Radix peregra C France EU41397I Jouet et aI., 2008 
Trichobilharzia sp. EAN35 Radix peregra C France EU413974 J ouet et aI., 2008 
Trichobilharzia sp. A 
WI49 amwi NM Anas americana A 13 New Mexico FJ174456 FJl74472 FJl74574 FJl74524 This paper 
W182 amwi CA Anas americana A 12 California FJl74573 FJ174525 This paper 
W192 amwi NM Anas americana A 20 New Mexico FJl74455 FJl74471 FJ174572 FJl74526 This paper 
W213 amwi AK Anas americana A 7 Alaska FJl74570 FJl74527 This paper 
Trichobilharzia sp. B 
W205 amwi AK Anas americana A 14 Alaska FJl74571 FJl74528 This paper 
Trichobilharzia sp. C 
WI73 home PA Lophodytes A 21 Pennsylvania FJl74576 FJl74529 This paper 
cucullatus 
Trichobilharzia sp. D 
W376 Stagnicola MB Stagnicola sp. C 1 Canada FJl74465 FJl7448 I FJl74537 FJl74485 This paper 
Trichobilharzia sp. E 
W332 Stagnicola MB Stagnicola sp. C I Canada FJl74464 FJl74480 FJl74483 This paper 
W336 Stagnicola MB Stagnicola sp. C 1 Canada FJ174535 FJl74486 This paper 
W344 pita MB Anas acuta A I Canada FJl74536 FJl74487 This paper 
Other schistosomatids 
Ornithobilharzia canaliculata Larus A U.S.A. AY157222 AY157248 Lockyer et aI., 2003 
delawarensis 
Austrobilharzia variglandis Larus A U.S.A. AYl"5"7224 AY157250 AYI57196 Lockyer et aI., 2003 
delawarensis 
Austrobilharzia terrigalensis Batillaria australis C Australia AY157223 AY157249 AY157195 Lockyer et aI., 2003 
Macrobilharzia macrobilharzia Anhinga anhinga A U.S.A. AY829260 AY858885 Brant et aI., 2006 
Bivitellobilharzia nairi Elephas maximus A Sri Lanka AY82926I AY858888 AY829249 Brant et aI., 2006 
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TABLE III. Continued. 
Life GenBank Accession numbers 
cycle 
Schistosome Taxa Host stage Locality l8S 28S ITS COl Reference 
Schistosoma japonicum t Mus musculus A Tanzania AY157226 AY157607 Lockyer et aI., 2003 
Orientobilharzia turkestanicum Ovis aries A Iran AF442499 AY157254 Lockyer et aI., 2003 
Schistosoma hippopotami Bulinus truncatus C Uganda AY197343 Morgan et aI., 2003 
Schistosoma incognitum Bandicota indica A Thailand AY157229 AY157255 Lockyer et aI., 2003 
Schistosome spindale t Mus musculus A Sri Lanka Z11979 Johnston et al., 1993 
AY157257 Lockyer et aI., 2003 
Schistosoma margrebowiei t Mus musculus A Zambia AY157233 AY157260 Lockyer et aI., 2003 
Schistosoma leiperi t M esocricetus A South Africa AY157234 AY15726l Lockyer et aI., 2003 
auratus 
Schistosoma haematobium t M esocricetus A Mali Z11976 AY157263 Lockyer et aI., 2003 
auratus 
Schistosoma intercalatum t Mus musculus A Sao Tome AY157235 AY157262 Lockyer et aI., 2003 
Schistosomatium douthitii t Mesocricetus A U.S.A. A Y15722l A Y157247 Lockyer et aI., 2003 
auratus 
Heterobilharzia americana t Mesocricetus A U.S.A. AY157220 AY157246 Lockyer et aI., 2003 
auratus 
W1285 Biomphalaria KE Biomphalaria C Kenya A Y829258 A Y858886 Brant et aI., 2006 
sudanica 
Bilharziella polonica Anas A Ukraine, AY1572l4 AY157240 Lockyer et aI., 2003 
platyrhynchus 
Czech Republic EF094539 AY157l86 Rudolfova et aI., 2006 
W208l Ceratophallus KE Ceratophallus sp. C Kenya A Y829259 A Y858887 Brant et aI., 2006 
Dendritobilharzia pulverulenta Gallus, Mergus A U.S.A. AY1572l5 AY15724l AY157l87 Lockyer et aI., 2003 
EF07l988 Brant, 2007 
Gigantobilharzia huronensis Agelaius A U.S.A. AY1572l6 AY157242 AY157l88 Lockyer et aI., 2003 
phoeniceus 
Gigantobilharzia huronensis Agelaius A U.S.A. EF07l987 Brant, 2007 
phoeniceus 
Allobilharzia visceralis Cygnus cygnus A Iceland DQ067561 Kolarova et aI., 2006 
Allobilharzia visceralis Cygnus A U.S.A. EF114220 EF114222 EF071989 EF114219 Brant, 2007 
columbianus 
Allobilharzia visceralis Cygnus A U.S.A. EFl1422l EF114223 EF07l99l EF114224 Brant, 2007 
columbianus 
Outgroups 
Cardiocephaloides longicollis Larus ridibundus Ukraine AY222089 AY222l7l Olson et aI., 2003 
Alaria alata Nyctereutes Ukraine A Y22209l AF184263 Olson et aI., 2003 
procyonoides 
Brachylaima thompsoni Blarina U.S.A. AY222085 Olson et aI., 2003 
brevicauda 
AF 1 84262 Tkach et aI., 2001 
Urogonimus macrostomus Anas Ukraine AY222086 AY222168 Olson et aI., 2003 
platyrhynchus 
Leucochloridium perturbatum Turdus merula Czech Republic AY222087 AY222169 Olson et aI., 2003 
Clinostomum sp. USA Rana catesbeiana U.S.A. A Y222095 A Y222095 Olson et aI., 2003 
Aporocotyle spinosicanalis Merluccius United Kingdom AJ287477 Cribb et aI., 2001 
merluccius 
AY222177 Olson et aI., 2003 
Plethorchis acanthus Mugil cephalus Australia A Y222096 A Y222l78 Olson et aI., 2003 
Unicaecum sp. Trachemys scripta U.S.A. AY604719 AY604711 Snyder, 2004 
Vasotrema robustum Apalone spinifera U.S.A. A Y829257 A Y858883 Brant et aI., 2006 
Spirorchis scripta Chrysemys picta U.S.A. A Y829256 A Y858882 Brant et aI., 2006 
marginata 
Hapalorhynchus gracilis Chelydra U.S.A. AY604718 AY604710 Snyder, 2004 
serpentina 
Griphobilharzia amoena Crocodylus Australia AY899915 AY899914 Brant et aI., 2006 
johnstoni "",,, 
Carettacola hawaiiensis Chelonia mydas U.S.A. AY604717 AY604709 Snyder, 2004 
Learedius learedi Chelonia mydas U.S.A. AY604715 AY604707 Snyder, 2004 
Hapalotrema mehrai Chelonia mydas U.S.A. AY604716 AY604708 Snyder, 2004 
• A=adults M=miracidia C=cercariae; texperimental; tW148.l and W148.2 are worms from the same host individual 
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TABLE IV. Morphological comparisons useful in diagnosing both adults and cercariae. Measurements in micrometers unless otherwise indicated. 
T querquedulae T querquedulae T physellae T physellae T franki 
Reference this paper (average) McLeod, 1937 this paper (average) McMullen & Beaver 1945 Muller & Kimmig 1994 
Adults n=3 n=3 
length of males 4.8mm 3.7 mm 2.6mm 1.3 - 7.5 mm 3.2-4.0 mm 
VS - OS* 417 274 - 375 320 160 - 340 485 - 530 
VS - GC 400 NAt 440 NA 495-550(522) 
length SV 325 NA 400 NA 
length GC 225 375 186 100 - 190 212 - 291(246) 
cecal reunion not seen between SV & GC not seen between VS & SV between SV & GC 
testes size 18 - 23 NA 25 - 30 28 - 32 95 -106 
number of testes >200 210 - 240 >100 96 - 160 41 - 64 
egg shape spindle with spine spindle with spine spindle with spine spindle with spine spindle with spine 
eggs in utero 140 x 30 170 x 65 206 x 69 
eggs in feces 150 x 35 180 x 70 
Cercariae 
snail host Physa gyrina expo Physa gyrina Physa gyrina P. parkeri, P. gyrina, Radix auricularia 
n=5 n=5 
length body 327 270 265 307 
length tail 410 352 374 419 
length furcae 221 - 224 188 196 234 
ratio: body:furcae 0.68 0.7 0.74 0.76 
ratio: body:tail 1.25 1.3 1.41 1.36 
* VS=ventral sucker, OS=oral sucker, GC=gynaecophoric canal, SV=seminal vesicle, exp=experimental infection. tNA=not available. 
2006). We collected miracidia from mergansers, Mergus 
merganser, from the type locality, Douglas Lake, but were 
unable to locate adult worms or eggs. Our assignment of the 
name T. stagnicolae to the samples we collected was justified 
based on the following: (1) our samples were collected from the 
type locality and the type snail; (2) we infected successfully the 
type snail with miracidia collected from the type locality; (3) our 
cercariae measurements were the same as those Feported by 
Talbot (1936) and McMullen and Beaver (1945); (4) previous 
fecal examinations of M. merganser on Douglas Lake revealed 
eggs of T. stagnicolae (Blankespoor et aI., 2001); and (5) our 
collections of cercariae from S. emarginata from several lakes in 
northern Michigan, in northern Minnesota, and New Mexico 
(Table III) all genetically matched what we collected at Douglas 
Lake, the type locality (0-1.2% for cox 1). The finding of a 
distinct genetic lineage with widespread representation strongly 
suggests our samples are T. stagnicolae. 
The common morphological features used to differentiate the 
above-mentioned 6 species from other avian schistosomes are 
provided in Tables IV and V. The infections we observed in 
mergansers with double infections of T. physellae and T. 
stagnicolae may occur more frequently than commonly recog-
nized. Not only can double infections be easily overlooked 
because of difficulties in finding both adult worms and eggs, but 
care is also required to ensure adults and eggs are both assigned to 
the correct species. 
The 5 remaining lineages sequenced, 4 of which were 
represented by portions of adult worms recovered from birds, 
grouped with species of Trichobilharzia, but could not be matched 
definitively to any existing species description or to GenBank 
TABLE V. Morphological comparisons of the key differentiating features among closely related genera of avian schistosomes. 
Trichobliharzia brantae Allobilharzia Trichobilharzia lilinobilharzia 
References Farr & Blankenmeyer, 1956 Kolarova et aI., 2006 Skrjabin & Zakharov, 1920 Lui & Bai, 1976 
This study Brant, 2007 Blair & Islam, 1983 
Total length males 33.5 mm 65mm 2.2 - 12 mm 3.6 - 4.6 mm 
at or anterior to he seminal posterior to gynaecophoric variable but within ra~ge of middle gynaecophoric canal, 
Cecal reunion vesicle canal the seminal vesicle posterior to seminal vesicle 
Position of the seminal between ventral sucker between ventral sucker between ventral sucker 
vesicle and gynacophoric canal and gynacophoric canal and gynacophoric canal in gynacophoric canal 
Start of the 
gynacophoric canal posterior to seminal vesicle posterior to seminal vesicle posterior to seminal vesicle posterior to ventral sucker 
End of the ",,, 
gynacophoric canal well before start of testes well before start of testes at start of testes at start of testes 
Testes 585 >400 57-240 83-132 
A verage egg shape ovoid with spine long nonsymmetrical spined spindle with spine spindle with spine 
Cercaria-flame cells 5+1 unknown 6+1 unknown 
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TABLE VI. Results of experimental infections of birds and snails with species of Trichobilharzia. Hosts from which worms were used for exposures are on 
the left column, hosts exposed are along the top of the table. 
Stagniola Stagnicola 
Schistosome Taxa emarginata elodes 
Trichobilharzia stagnicolae 
ex. Mergus merganser 9/10 
ex. Stagnicola emarginata 
Trichobilharzia physellae 
ex. Aythya affinis 0/15 
ex. Bucephalus albeola 0/15 
ex. Mergus merganser 0/10 
Trichobilharzia querquedulae 
ex. Anas cyanoptera 0/15 
ex. Anas discors 0/15 
sequences associated with a formal species name. To facilitate our 
discussion of these species, we designated these specimens as 
Trichobilharzia spp. A-E (Table III). Trichobilharzia spp. A and 
B were found only in the American widgeon, Anas americana 
Gmelin, 1789, from 3 widespread U.S. localities along the Pacific 
flyway. Trichobilharzia sp. A was also found in a widgeon from 
New Mexico. Trichobilharzia sp. C was from the hooded 
merganser, Lophodytes cucullatus L., from the eastern United 
States. For Trichobilharzia spp. A-C, worm fragments that did 
not have informative morphological features were collected. 
Trichobilharzia sp. D is represented by cercariae from a single 
lymnaeid snail from Manitoba. Trichobilharzia sp. E was collected 
both as a posterior fragment of an immature worm from a pintail 
duckling, Anas acuta, and as cercariae from Stagnicola sp., both 
from Manitoba. Cercariae morphology and measurements of 
Trichobilharzia sp. E are consistent with T. elvae, but these data 
alone are not sufficient for accurate species discrimination. 
Although sufficient adult worm material was not av.,ailable for a 
conclusive morphological study to determine if these 5 lineages 
represent new or previously described species, the sequence and 
host-use data provided here are valuable reference points for 
future studies as additional specimens become available (Brant et 
aI., 2006). 
Life-cycle experiments 
For each life-cycle experiment (Table VI), coxl and ITS 
sequences from experimentally obtained life-cycle stages were 
identical with sequences from the life-cycle stage used as starting 
material for the infection. Miracidia of each schistosome lineage 
were able to infect snails of only a single gastropod family, similar 
to results of previous experiments (Wu, 1953). The only successful 
infections of T. stagnicolae were of Stagnicola emarginata with 
miracidia from M. merganser (Table VI). None of the domestic 
duck experiments resulted in adult worms. 
Phylogenetic analyses 
DNA sequence data were deposited in GenBank, under 
accession numbers FJI 74450-FJ 174576, FJ711767-68 for the 
18S (1,776 bp), 28S (1,299 bp), coxl (824 bp), and ITS (1,227-
1395 bp) data sets (Table III). For the phylogenetic analysis of 
Trichobilharzia, 130 new sequences of Trichobilharzia were 
Physa Physa Physa Gyraulus Peking Domestic 
parkeri gyrina acuta parvus duck mallard 
0/10 
0/6 0/6 
10/15 
8/15 
8/10 
12/15 0/5 
11115 0/5 
analyzed along with 55 sequences from GenBank. The numbers 
of individuals of each species sequenced are shown in Table III. 
Aligned coxl sequences appeared to be genuine mitochondrial 
sequences, rather than nuclear copies: Sequences contained no 
stop codons, overlapping fragments contained no conflicts, base 
compositions were homogeneous across taxa, codon positions 
contained expected relative divergences (3 > 2 > I), and highly 
suspect relationships were not evident. 
MP, ML, ME, and BI methods produced congruent results, 
except for some differences in the single gene analyses. Topological 
differences occurred, but no conflicts received high support from 
bootstrapping or Bayesian posterior probabilities. The 18S-28S 
tree supported monophyly of the Schistosomatidae and the BTGD 
clade (as defined in Fig. 2). Representatives of Trichobilharzia 
included in this study did not form a monophyletic group, as T. 
brantae did not group with other North American or European 
Trichobilharzia, but rather grouped with the morphologically and 
genetically distinct A llobilharzia Kolarova et aI. 2006 from 
swans (Figs. 3-5). The overall relationships among the species 
of Trichobilharzia are shown in Figure 3. There was a basal 
split, albeit with low node support, between T. stagnicolae, T. 
szidati, and Trichobilharzia species D and E versus T. regenti 
and Clade Q. Here, we identify Clade Q to include species from 
North America and Europe, which are both morphologically 
(Table IV) and genetically (Table VII) very similar (Fig. 3). 
Clade Q was recovered in all analyses and is comprised of T. 
franki, T. querquedulae, T. physellae, and Trichobilharzia spp. A, 
B, and C (Figs. 3-6, see discussion). Where known members of 
Clade Q all have similar-sized spindle-shaped eggs and includes 
taxa dependent on either lymnaeid or physid snail hosts. 
Trichobilharzia regenti, a nasal-inhabiting species, was always 
recovered basal to Clade Q (Fig. 3). 
To explore further the relationships in Clade Q and to utilize 
available sequence data fully, separate analyses of 4 data sets 
(coxl, ITSI-5.8S-ITS2, ITSl, and ITS2) were completed. Addi-
tional individuals of Trichobilharzia from our collections (Table 
III) plus isolates of T. franki from GenBank were used. Many 
isolates of T. franki have been sequenced; however, our analyses 
of these sequences revealed they did not form a monophyletic 
speci~ group. Several isolates identified as T. franki were from 
either Radix auricularia L. (Ferte et aI., 2005; Rudolfova et aI., 
2005) or Radix ovata (Draparnaud, 1805) (Picard and Jousson, 
2001), but based on our analyses, isolates from these 2 snail 
species did not appear to be the same. 
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FIGURE 4. Maximum-likelihood tree based on coxl sequences. For the Trichobilharzia querquedulae clade only some of the worms sequenced are 
represented, as many differed by only I base pair. The asterisk indicates node support of >95% bootstrap for MP and ME and >98 Bayesian PP. 
Outgroup species of Schistosoma were collapsed. For convenience, the following taxa were trimmed from the tree, but were fully supported in the clade: 
W137blteLA, WI 56blteNM, Wl48.lciteNM, WI48.2citeNM, WI 55.3citeNM, WI 58noshNM, Wl62noshNM, WI 83noshCA, SDSI006noshNE, 
E45blteFL, W211olsqAK, WI 93lescNM, W236PhysaMI, W230.lcomeMI, and W256lescNM (Table III). The same was done for Trichobilharzia 
physellae, except in I case there were identical haplotypes: TpB = W171lescPA, W1931escNM, W255buheNM, W263PhysaNM. 
although without support. The sample Trichobilharzia sp. EANl7 
from Radix peregra (Miiller, 1774) from France (Jouet et aI., 2008) 
grouped with Trichobilharzia sp. E from Manitoba with strong 
node support, suggesting they may be conspecific. 
To provide a convenient yardstick to measure the extent of 
sequence difference among species of Trichobilharzia, pairwise 
genetic differences were calculated and compared with values 
obtained for the relatively well-defined species of Schistosoma 
(Table VII). Based on such comparisons, the lineages of 
Trichobilharzia, represented by coxI and ITS, are as genetically 
distant from each other as are the named species within both 
Trichobilharzia and Schistosoma (Table VII), providing good 
presumptive evidence that they represent distinct species (Nolan 
and etibb, 2005; Vilas et aI., 2005). 
Seven of the II lineages of Trichobilharzia were collected from 
snails, 4 of which corresponded to sequences that we obtained 
from Trichobilharzia adults (T. physellae, T. querquedulae, T. 
brantae, and Trichobilharzia sp. E). The remaining 3 taxa were 
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FIGURE 5. Maximum-likelihood tree based on ITS sequences. The following labels apply to samples with identical haplotypes: Trichobilharzia 
querquedulae TqA= W135blteLA, W137blteLA, WI 56blteNM, WI48.lciteNM, WI55.3citeNM, Wl80citeCA, W203noshAK, W183noshCA, 
SDSlO06noshNE. Trichobilharzia physellae TpB = W146PhysaNM, W263PhysaNM, WI 71lescPA, W2121escAK, W249cabaNV, W255buheNM. 
Trichobilharzia franki TfC = Trichobilharzia sp. C, T franki Ral, and T franki RaFO I. All haplotypes of T regenti downloaded from GenBank were 
identical; TrD = Trichobilharzia regenti Cz79, T regenti Cz31, T regenti P127, T regenti P120, T regenti P1l7, T regenti P1l4. Trichobilharzia szidati TsE 
= T szidati Tsz, T szidati Ls5, T szidati ToA. Trichobilharzia brantae TbF = W346GyraulusMB, W331 GyraulusCO, W330GyraulusCO. Isolates of T 
franki are from Radix ovata (ov) and Radix auricularia (Ra) snails (1 sample is from Lymnaea stagnalis = Ls). The asterisk indicates node support of 
>95% bootstrap for MP and ME and >98 Bayesian PP. 
from cercariae that grouped with sequence data from miracidia of 
T. stagnicolae, with sequences from cercariae for T. szidati from 
Europe (Figs. 4, 5; Rudolfova et aI., 2005), or that did not group 
with any species or clade (Trichobilharzia sp. D; Figs. 4, 5). 
Despite the broad geographic and host sampling for T. physellae 
and T. querquedulae, which were both collected from across North 
America (Fig. 1; Table III), we did not find indications of 
geographic structuring within either species (Figs. 4, 5). With the 
genes used in this study, haplotypes that were identical or that 
differed in only 1-2 base pairs were found between eastern and 
western samples. The presumptive T. stagnicolae isolates collected 
from Minnesota, Michigan, Montana, and New Mexico also lack 
evidence of geographic differenliation (Fig. 4). The collection of T. 
szidati-related isolates from North America was unexpected. Based 
on the ITS1-5.8S-ITS2 region (Table VII), our samples of T. szidati, 
from Montana (Flathead Stagnicola MT) in Lymnaea stagnalis L., 
and Michigan (Blind Sucker Lymnaea MI) in Stagnicola elrodi 
(Bak<et and Henderson, 1933), were genetically very similar (0.4%) 
to each other, as well as to the European isolates of T. szidati 
(0.36%). These figures are within the range of variation noted for T. 
szidati from Europe based on ITS1-5.8S-ITS2 (0-1.1 %). In general, 
the genetic differences between species pairs within continents were 
* 
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n t I than th diffi rence betw n p i pair from dif~ r nt 
c ntin nt urop and orth m rica (Tabl VII). 
DISCUSSION 
General observations 
hi i th fir t m I ular tudy of p i of 
from f a ian and nail 
p ci acro m rica. rom orth m rica , W 
colle ted 6 morphologicall identifiabl and g netically di tinct 
p cie f Trichobillurr: ia. Th p ci w r T brantae T 
phy ellae, T querquedulae, T tagnicolae T franki and T 
: idali, 2 f whi h (T franki, T :idali) w r r port d 
pr i u I from ur p (Rudolf a t al. 20 5). W al 0 
II ct d 5 additi nal g neticall di tinct lin ag that group 
putati 
equen 
of Trichobilhar:ia 
di r ity 
nal pecim n of 
th r con tin nt 
cope of the genu the 
differen w 
h uld not be 
pe i fr m 
gee e and plan rbid nail did not gr up within th Trichobil-
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* 
* 
* 
Trichobilharzia querquedulae 
Trichobilharzia sp. A 
Trichobilharzia physel/ae 
Trichobilharzia sp. B 
* TrichobilhatZia franki 
Trichobilharzia sp. C 
Trichobilharzia franki 
Trichobilharzia regenti 
Trichobilharzia sp. EAN35 
* TrichobilhatZia sp. 3 PI1 0 
Trichobilharzia sp. 3 PI? 
Trichobilharzia szidati 
Trichobilharzia sp. 0 
Trichobilharzia sp. E 
Trichobilharzia sp. EAN1? 
Trichobilharzia stagnicolae 
Allobilharzia visceralis 
Trichobilharzia brantae 
.-----~, * 
" DendritobilhatZia pulverulenta 
'---- Gigantobilharzia huronensis 
Bilharziella polonica 
Schistosoma spp. 
- 0.01 substitutions/site 
FIGURE 7. Maximum-likelihood tree based on ITS2 sequences showing the positions of the unidentified avian schistosome isolates from GenBank. 
The boxed clade highlights the relationship between the samples from North America and France. Bolded samples indicate those from this study. See 
Table III for label descriptions. The asterisk indicates node support of >95% bootstrap for MP and ME and >98 Bayesian PP. 
harzia clade, but rather aligned with Allobilharzia, a genus of 
schistosome collected thus far only from swans. Allobilharzia is 
morphologically and genetically distinct from Trichobilharzia; 
egg shape and position of cecal reunion are the 2 major 
morphological differences (Table V, Fig. 8; Kohlfova et aI., 
20~~ Brant, 2007). Blair and Islam (1983) also suggested that 
T. brantae did not belong in Trichobilharzia, but rather that T. 
brantae should be transferred to Jilinobilharzia (Lui and Bai, 
1976). However, a morphological comparison does not support 
inclusion of T. brantae in Jilinobilharzia or Allobilharzia. 
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Table V compares some of the major morphological differenc-
es, i.e., shape of the eggs, position of the seminal vesicle, and 
the starting point and length of the gynaecophoric canal. 
The coxl genetic difference values obtained for pairs of 
Trichobilharzia taxa outside of Clade Q (9-14%) were comparable 
to those obtained for congeners of other flatworm groups 
(Figs. 3, 6), including the confamilial Schistosoma (9-21 %) in 
mammals (Vilas et ai., 2005). Genetic differences among pairs of 
taxa within Clade Q were variable, but generally low (7-9%), 
indicative of perhaps a more recent divergence among members of 
this clade (Table VII). Morphology as well as host use (definitive 
and intermediate) were considered relative to the molecular 
phylogenetic results by mapping these features onto the BTGD 
clade (Fig. 8). Host, morphology, and DNA taken together 
revealed some interesting patterns discussed below, and high-
lighted the small number of distinguishing morphological 
features. The molecular and host-use data provided here will 
eventually facilitate assessment of the validity of other species 
descriptions, assuming the specimens in question belong to a 
species described previously, and will help delineate new species 
(Stefka et ai., 2009). 
Life cycles of Trichobilharzia species 
Sequence markers provide an invaluable tool in connecting life-
cycle stages from wild hosts that have not been previously 
integrated into a complete life cycle through experimental 
infections. Given the challenges in obtaining the necessary 
approvals for maintenance of vertebrate animals, it may become 
difficult in the future to resolve life cycles through experimental 
infections. In our molecular survey, we found 4 sequence matches 
for cercariae from snails with adult worms from wild birds, thus 
providing strong direct inferences for the wild hosts involved in 
those particular life cycles. Such matches were obtained for T. 
physellae, Trichobilharzia sp. E, T. szidati, and T. brantae. 
Snail host use 
Excluding T. brantae, all Trichobilharzia from Europe for 
which life cycles are known use lymnaeid snails, whereas species 
from North America use lymnaeids or physids. Members of 
Lymnaeidae are worldwide in distribution, with their greatest 
species diversity occurring in North America. Interestingly, 
Lymnaea stagnalis and Radix auricularia, the former a host of 
T. szidati and the latter host to T. franki, are not considered 
indigenous to North America (Remigio, 2002). Most of the 
diversity of Trichobilharzia species in North America was found in 
species of Stagnicola (Table III). This is in contrast to studies in 
Europe, where most of the diversity of Trichobilharzia was found 
in species of Radix (e.g., Picard and Jousson, 2001; Jouet et ai., 
2008; Aldhoun et aI., 2009). Physidae is mainly a New World 
family, members of which have spread secondarily to other 
continents (Taylor, 2003). Thus far, only North America is known 
to have sequence-verified members of the Trichobilharzia clade 
that use physid snails. Although physid-transmitted schistosomes 
are known from other continents (Ostrowski de Nunez, 1978; 
Rudolfova and Horak, 2001; Gerard, 2004), they have not been 
verified as a species of Trichobilharzia and may be representatives 
of Gigantobilharzia Odhner, 1910, 1 species of which in North 
America is also transmitted by physids (Brackett, 1942; Najim, 
1956; Daniell, 1978). In no case did we find representatives of a 
single species of Trichobilharzia in snails belonging to more than 1 
family, although in some cases we found more than 1 species of a 
particular snail family could host the same species of Trichobil-
harzia. For example, T. stagnicolae occurs in Stagnicola emargi-
nata and Stagnicola sp. and T. physellae in Physa parkeri and P. 
gyrina (Table II). In other studies, T. regenti has been collected 
from both Radix peregra and R. ovata snails (Picard and Jousson, 
2001; Dvorak et aI., 2002; Rudolfova et ai., 2006). There is also an 
indication that T. franki occurs in more than 1 species of Radix, 
except those samples of T. franki from Piccard and Jousson (2001) 
from R. ovata snails (Jouet et aI., 2008). 
Physid-transmitted species of Trichobilharzia were found only 
in Clade Q (Figs. 3, 6) delineated in this study. Otherwise, all 
other species of Trichobilharzia represented in the trees use 
lymnaeid snails. The planorbid-transmitted T. brantae, Dendrito-
bilharzia Skrjabin, 1920, and Bilharziella Looss, 1899, and the 
physid-transmitted Gigantobilharzia huronensis Najim, 1950, are 
basal to Trichobilharzia within the BTGD clade, suggesting that 
in our results, lymnaeids are the basal hosts within species of 
Trichobilharzia (Fig. 8). Members of Clade Q (Fig. 6) are not 
strongly differentiated from one another on either morphological 
or genetic characters (Tables VI, VII), yet given that the clade 
includes 2 known physid-transmitted species, T. physellae and T. 
querquedulae, it is suggested that at least 2 switches from 1 snail 
family to another occurred within Clade Q. Also, even though the 
genetic distances between physid- and lymnaeid-transmitted 
species in Clade Q (Table VII) are not great, all the available 
specimens for each physid-transmitted species cluster together 
with unequivocally strong support in all analyses. Taken together, 
these results suggest that members of Clade Q have diverged 
relatively recently from one another, and that switches between 2 
different snail families have occurred, after which the taxa 
occupying different snail families remained genetically distinct 
from one another. 
Definitive host use 
In North America and Europe, all specimens of Trichobilhar-
zia, Allobilharzia, and T. brantae for which there are molecular 
data, were found in avian hosts of the order Anseriformes (ducks, 
geese, and swans). Allobilharzia is known only from swans 
(Kolarova et ai., 2006; Brant, 2007), and T. brantae is known only 
from geese (Farr and Blankemeyer, 1956; Wojcinski et ai., 1987). 
The remaining species of Trichobilharzia collected for this study 
parasitize ducks of the Anatinae, Aythyinae, and Merginae. 
Species of Trichobilharzia from other continents have been 
described from other orders of birds, but thus far representatives 
of these species have not been available for sequencing to 
determine if they fall within the Trichobilharzia clade defined 
here. 
Although there is not a strong pattern of definitive host 
specificity, some trends were identified (Fig. 8). Trichobilharzia 
querquedulae has been found only in 3 species of dabbling ducks 
(Table II; Anas clypeata L., A. cyanoptera, and A. discors) that are 
each other's closest relatives (Johnson and Sorenson, 1999). In 
contril~t, T. physellae utilizes mainly diving ducks (Aythyinae, 
mostly species of Aythya Boie, 1822) and mergansers (Merginae) 
as its major definitive hosts (ecological rather than phylogenetic). 
Although these duck hosts are not each other's closest relative, 
they are united ecologically by their preferred feeding habitat and 
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TABLE VII. Genetic differences comparing ITS1, COl and ITSI-5.8S-ITS2 among schistosomes. 
Taxa 
Within Schistosoma 
S. japonicum - S. malayensis 
S. japonicum - S. mekongi 
S. malayensis - S. mekongi 
S. mansoni - S. rodhaini 
S. haematobium - S. mattheei 
S. haematobium - S. intercalatum 
S. hippopotami - S. edwardiense 
Avian genera 
Allobilharzia - T. brantae 
Trichobilharzia - T. brantae 
Allobilharzia - Trichobilharzia 
Within Trichobilharzia 
T. stagnicolae - T. physellae 
T. stagnicolae - T. regenti 
T. stagnicolae - T. querquedulae 
T. stagnicolae - T. szidati 
T. stagnicolae - Trichobilharzia sp. A 
T. stagnicolae - Trichobilharzia sp. B 
T. stagnicolae - Trichobilharzia sp. C 
T. stagnicolae - Trichobilharzia sp. D 
T. stagnicolae - Trichobilharzia sp. E 
T. szidati -T. physellae 
T. szidati -T. regenti 
T. szidati - T. querquedulae 
T.szidati - Blindsucker Lymnaea MT 
T.szidati - Flathead Stagnicola MI 
T. szidati - Trichobilharzia sp. A 
T. szidati - Trichobilharzia sp. B 
T. szidati - Trichobilharzia sp. C 
T. szidati - Trichobilharzia sp. D 
T. szidati - Trichobilharzia sp. E 
T. regenti -T. querquedulae 
T. regenti -T. physellae 
T. regenti - Trichobilharzia sp. A 
T. regenti - Trichobilharzia sp. B 
T. regenti - Trichobilharzia sp. C 
T. regenti - Trichobilharzia sp. D 
T. regenti - Trichobilharzia sp. E 
Trichobilharzia sp. D - Trichobilharzia sp. A 
Trichobilharzia sp. D - Trichobilharzia sp. C 
Trichobilharzia sp. D - Trichobilharzia sp. E 
Trichobilharzia sp. D - T. querquedulae 
Trichobilharzia sp. D - T. physellae 
Trichobilharzia sp. E - Trichobilharzia sp. A 
Trichobilharzia sp. E - Trichobilharzia sp. B 
Trichobilharzia sp. E - T. querquedulae 
Trichobilharzia sp. E - T. physellae 
Within T. stagnicolae 
Within T. szidati 
Within T. regenti 
Within T. physelllae 
Within T. querquedulae 
Within T. franki from R auricularia 
Within T. franki from R ovata 
Within Trichobilharzia sp. A 
Within Trichobilharzia sp. E 
Clade Q 
T. querquedulae - T. physellae 
T. querquedulae - Trichobilharzia sp. A 
T. querquedulae - Trichobilharzia sp. B 
ITS1* 
4.60% 
1.10% 
6.60% 
o 
4.80% 
0.23% 
0.18% 
0.70% 
0.52-2.8% 
0.41% 
3.00% 
3.10% 
3.20% 
coxl * 
16.40% 
15.80% 
9.4% 
13.30% 
16.20% 
11.60% 
21.40% 
14.30% 
14.50% 
14.80% 
13.40% 
12.7% 
12.00% 
11.20% 
11.40% 
12.50% 
12.50% 
10.70% 
11.60% 
11.70% 
11.50% 
10.70% 
4.70% 
0.48% 
11.00% 
10.60% 
11.50% 
9.80% 
10.30% 
11.50% 
10.60% 
10.50% 
9.10% 
11.10% 
10.8% 
12.00% 
11.10% 
12.10% 
11.10% 
11.30% 
12.30% 
13.10% 
12.30% 
12.10% 
12.80% 
0.70% 
3.30% 
0.80% 
0.82% 
0.50% 
8.60% 
9.00% 
8.10% 
ITSI-5.8S-ITS2 
1.40% 
0.50% 
2.70% 
6.40% 
5.50% 
2.00% 
1.90% 
2.00% 
1.80% 
2.00% 
1.80% 
1.80% 
1.70% 
3.00% 
2.50% 
2.00% 
0.36% 
0.40% 
2.80% 
2.70% 
2.70% 
2.60% 
1.80% 
1.70% 
1.50% 
1.40% 
1.20% 
2.30% 
3.20% 
2.70% 
3.70% 
3.50% 
0.17% 
0.35% 
0.00% 
0.22% 
0.40% 
0.20% 
0.50% 
0.10% 
0.60% 
0.88% 
0.32% 
0.70% 
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TABLE VII. Continued. 
Taxa 
T querquedulae - Trichobilharzia sp. C 
T querquedulae - T Fanki from R. auricularia 
T querquedulae - T franki from R. ovata 
T physellae - Trichobilharzia sp. A 
T physellae - Trichobilharzia sp. B 
T physellae - Trichobilharzia sp. C 
T physellae - T franki from R. auricularia 
T physellae - T Fanki from R. ovata 
Trichobilharzia sp. A - Trichobilharzia sp. B 
Trichobilharzia sp. A - Trichobilharzia sp. C 
Trichobilharzia sp. B - Trichobilharzia sp. C 
Trichobilharzia sp. A - T franki from R. auricularia 
Trichobilharzia sp. A - T franki from R. ovata 
Trichobilharzia sp. B - T franki from R. auricularia 
Trichobilharzia sp. B - T Fanki from R. ovata 
Trichobilharzia sp. C -T franki from R. auricularia 
Trichobilharzia sp. C - T franki from R. ovata 
* Values for ITSI and coxl in Schistosoma are taken from Vilas et a!.. 2005. 
ITS1* 
3.80% 
3.1-3.4% 
3.4-5.3% 
0.60% 
0.95% 
3.00% 
0.82-1.3% 
2.5-3.6% 
0.70% 
1.70% 
1.80% 
0.60% 
3.10% 
0.12-0-36% 
4.00% 
2.30% 
4.60% 
coxl * ITSI-5.8S-ITS2 
8.50% 0.50% 
8.10% 0.64% 
1.00% 
9.30% 0.76% 
8.30% 0.50% 
9.40% 0.50% 
9.10% 0.60% 
0.87% 
6.80% 0.40% 
8.80% 0.30% 
8.80% 0.13% 
8.90% 0.40% 
0.70% 
8.30% 0.20% 
0.50% 
8.60% 0.12% 
0.40% 
style (diving). Although other duck species are also infected, 
prevalence is very low or there were few worms, most immature 
(Table II). One of the principal hosts of presumptive T 
stagnicolae is the common merganser (Blanke spoor and Reimink, 
1988; Leighton et aI., 2000; Blankespoor et aI., 2001; Coady et aI., 
2006), corroborated by our survey. It is interesting to note that 2 
of the 3 unidentified lineages in Clade Q came from Anas 
americana, the American widgeon. 
Snail Avian Known 
Host Host Distribution Egg shapes 
Trichobllharzia quelquedu/ae .. NA ~ 
Trichobilharzia physe//ae 
"b NA ct.::27 
Trichobi/harziaspp. A, B, C a- NA ? 
Trichobilharzia franki ~. EU <:::> 
T richobilharzia regenti '~ EU ~ 
6 Trichobilharzia stagnicolae 
"h ~ NA 
Trichobilharzia sp. E ~ ? ~- NA 
3 Trichobllharzia szidati ~. NA, EU ~ 
Trichobilharziasp. D ? NA ? 
5 A/lobi/harzia viscera/is ? .. NA,EU & 
"Trichobi/harzia" brantae (i) ~ NA ~ 100iJm 
2 
Dendritobilharzia pu/verulenta 
Gigantobilharzia huronensis 
Bilharziella polonica 
Schistosoma spp. 
FIGURE 8. Summary tree based on 28S depicting comparative features (hosts, distribution, and egg morphology) for North American and European 
avian schistosomes. Morphological features listed for well-supported nodes. 1, reduced sexual dimorphism, males and females flattened or thread-like, 
gynaecophoric canal absent or weakly developed or short (not extending to posterior), testes numerous; 2, absence of ventral sucker, absent or weakly 
developed oral sucker, uterus with numerous eggs, eggs ovoid; 3, well-developed oraJ.1(lnd ventral suckers, uterus usually with single egg, seminal vesicle 
between gynaecophoric canal and ventral sucker; 4, cecal reunion at or anterior to seminal vesicle, >400 testes, gynaecophoric canal terminates well 
anterior to first testes; 5, cecal reunion posterior to gynaecophoric canal, >400 testes, gynaecophoric canal terminates well anterior to first testes; 6, 
position of the cecal reunion overlaps the position of the seminal vesicle, gynaecophoric canal terminates at first testes, cercariae large with eyespots. 
I9Physidae, ~Lymnaeidae, ~Planorbidae, -a. teal, .... diving ducks, k Anas americana, ~ most ducks, .. swans, lr geese. Eggs scaled to 
relative sizes. 
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Some biogeographical remarks regarding North 
American Trichobilharzia 
North American species of Trichobilharzia that we collected 
have broad geographic ranges and, at least as suggested by the 
markers used here, show little evidence of intraspecific genetic 
structure (Figs. 4-6). This is true for T. stagnicolae, which has 
been collected from Michigan, Minnesota, Montana, and New 
Mexico (Table III), and for specimens of T. physellae and T. 
querquedulae that were collected from all the major avian 
migratory flyways, and from latitudes as distant as Alaska and 
Manitoba to Louisiana and Florida (Fig. 1; Table III). The latter 
2 species have yet to be collected outside of North America. 
With sequence similarity used as the criterion to designate 
species as outlined in Vilas et a!. (2005), 5 avian schistos~me 
lineages from North America have presumptive representatIves 
in Europe (Table VII): (1) T. szidati, which is considered a 
European species (Rudolfova et a!., 2005), was collected from 
North American snails (Table III, Fig. 5); (2) Trichobilharzia sp. 
B grouped with the European T. franki from R. auricularia 
(Fig. 6); (3) Trichobilharzia sp. E was closely aligned with 
Trichobilharzia sp. EAN17 from the snail, Radix peregra, 
collected in France (Fig. 7); (4) although not the specific subject 
of this article, specimens of Allobilharzia visceralis collected from 
the North American swans as part of this survey were 
indistinguishable from worms collected from swans in Iceland 
(see Kolarova et a!., 2006; Brant, 2007). (5) Dendritobilharzia 
pulverulenta from North America is also identical to samples 
from France (Bayssade-Dufour et a!., 2006). Thus, the continent 
of origin by no means represents an infallible indicator for 
species designations either for species of Trichobilharzia or other 
genera of avian schistosomes. 
Diversification of Trichobilharzia 
Incomplete taxon sampling and uncertainty among the basal 
nodes of the Trichobilharzia spp. radiation continue to challenge 
our understanding of the global diversification of this genus. The 
40 named species of Trichobilharzia have been described from 
multiple locations in Europe and North America, and in Brazil 
(Leite et a!., 1978), Australia (Blair and Islam, 1983; Islam, 1986; 
Islam and Copeman, 1986), New Zealand (Davis, 2006), China 
(Pao and Yung, 1957; Tang and Tang, 1976; Lui et a!., 1977), 
India (Baugh, 1963; Chauhan et a!., 1973), Malaya (Basch, 1966), 
Japan (Ito, 1960a, 1960b; Yamaguti, 1971), Congo-Rwanda 
(Fain, 1955, 1956, 1959), and South Africa (Appleton, 1982, 
1986). Most of these species were reported from ducks, geese, and 
swans; however, a few were reported from passerine birds, 
kingfishers, grebes, and ibises (Fain, 1955, 1956; Ito, 1960a, 
1960b; Bai et a!., 1979). Snail hosts where known, with a single 
exception (Ito, 1960a, 1960b), are physid or Iymnaeid snails. 
Reports of species of Trichobilharzia in North America, including 
this study, were collected from ducks and/or physid or lymnaeid 
snails. The exception is T. brantae, which we now know occurs in 
geese and uses a planorbid snail as an intermediate host. A true 
global definition of Trichobilharzia awaits inclusion of genetically 
verified species from South America, Asia, and Africa. 
Recent studies have shown that uncovering additional diversity 
among avian schistosomes is a frequent occurrence, particularly 
when snails are surveyed and molecular approaches are applied 
(Larsen et a!., 2004; Brant et a!., 2006; Rudolfova et a!., 2007; Jouet 
et a!., 2008; Skirnisson and Kolarova, 2008; Aldhoun et a!., 2009, 
Jouet et a!., 2009). This suggests there is more diversity to discover 
with respect to Trichobilharzia, already considered the most 
speciose genus in the family. The second most speciose genus is 
Schistosoma, currently comprised of 22 species (Webster et a!., 
2006; Hanelt et a!., 2009). Perhaps what is more noteworthy is the 
relatively large number of distinct lineages for a parasite group that 
colonizes vagile, migratory definitive hosts. This is particularly so 
considering the overlaps in host-species use and spatial and 
temporal sympatry among host species that regularly occurs on 
their breeding/wintering grounds and in other wetland habitats. 
The lack of host isolation coupled with the mobility of their host 
species would seem to weaken barriers to gene flow among the 
avian schistosomes. Moreover, Iymnaeid and physid snails are both 
common, occur in large numbers, and are widely distributed, 
seemingly further reducing opportunities for regional diversifica-
tion. The extent to which mating behavior/preferences or temporal 
or spatial separation within definitive hosts may disrupt gene flow 
and isolate species is not well known for avian schistosomes and 
will be excellent model systems for future investigations. Also, the 
acquisition of new molluscan hosts (for example, a switch from 
Iymnaeid to physid snails, as seems to have occurred in Clade Q) 
may also serve as a major isolating mechanism. 
The relationships among T. franki, T. physellae, and Trichobil-
harzia spp. A, B, and C in Clade Q provide an interesting 
opportunity to address questions about gene flow, and speciation, 
and ultimately, diversification. There are several hypotheses, not 
necessarily mutually exclusive, that might explain the patterns 
observed in this clade, which includes geographically distant, yet 
closely related North American and European species. It may be 
that (I) given the genetic and morphological similarities, these 
taxa are not fully differentiated as species because they have only 
recently diverged; (2) there may be isolation and incipient 
diversification among populations or species of Trichobilharzia 
that is diminished by ongoing gene flow that is maintained by the 
mobility of their hosts; (3) even though they are found in hosts 
considered mobile and that migrate long distances, the different 
taxa of Clade Q actually have subtle patterns of host use, or 
different geographical preferences, which are not yet differentiat-
ed or require more sensitive genetic markers (like micro satellites) 
to reveal cryptic variation (Stefka et a!., 2009); (4) hybridization 
may have occurred (Morgan, Dejong, Lwambo et a!., 2003; Fan 
and Lin, 2005; Steinauer et a!., 2008); (5) the equivocal positions, 
or low branch support of individuals like Trichobilharzia spp. A, 
B, and C, might imply that there remains undiscovered diversity 
(missing taxa) that, if available, would clarify relationships in this 
clade. Future work to increase the sample size within Clade Q and 
selection of alternative, faster evolving, markers to estimate gene 
flow will help address whiGh of these processes have been 
important to shaping the diversity we find. We also need to 
accumulate more morphological data and understand how it 
correlates with genetic variation, to better define the status of 
species such as T. szidati and T. franki in North America. 
Medi~al significance including cercarial dermatitis 
None of the North American adult worms was found in host 
nasal chambers, a location inhabited by some Trichobilharzia 
species in Europe (T. regenti), Australia (Trichobilharzia australis 
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Blair and Islam, 1983, Trichobilharzia arcuata Islam, 1986), and 
Africa (Trichobilharzia spinulata Fain, 1955, Trichobilharzia 
rodhaini Fain, 1955, Trichobilharzia nasicola Fain, 1955, Tricho-
bilharzia aureliani Fain, 1956, Trichobilharzia duboisi, Fain, 1959). 
This is of note from a public health perspective because the nasal-
dwelling T. regenti migrates via both peripheral nerves and the 
central nervous system to reach its preferred site of infection. This 
species has been shown to cause anomalous behavior in both 
experimentally infected birds and mammals (Horak et al., 1999; 
Hradkova and Horak, 2002; Koufilova et al., 2004) and has the 
potential to present similar consequences in humans. 
Although most North American outbreaks of cercarial derma-
titis are ascribed to T. physellae or T. stagnicolae (Swales, 1936; 
McLeod, 1940; McMullen and Brackett, 1941; Cort, 1950; Hunter, 
1960; Zischke and Zischke, 1968; Leighton et al., 2000; Blanke-
spoor et al., 2001; Coady et al., 2006), such identifications typically 
reflect whether the cercariae were shed from a physid or Iyrnnaeid 
snail, respectively. The framework incorporating molecular mark-
ers developed here will be of immediate use in making more precise 
determinations. For example, although T. physellae was the taxon 
we most frequently collected from snails, at least 3 additional avian 
schistosome taxa from physid snails were collected, including 
representatives of other genera; accordingly, caution is required in 
ascribing physid transmitted outbreaks of dermatitis to T. physellae 
(Brant and Laker, 2009). The extent to which each of the 11 
different taxa of Trichobilharzia noted here is actually involved in 
causing cercarial dermatitis in North America is an important 
priority for future study. 
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CHARACTERIZATION OF DICTYOCAULUS SPECIES (NEMATODA: 
TRICHOSTRONGYLOIDEA) FROM THREE SPECIES OF WILD RUMINANTS IN 
NORTHWESTERN SPAIN 
Ramon A. Carreno, Natividad Diez-Baiios*, Maria del Rosario Hidalgo-Argi.iello*, and Steven A. Nadlert 
Department of Zoology, Ohio Wesleyan University, Delaware, Ohio 43015. e-mail: racarren@owu.edu 
ABSTRACT: Specimens of Dictyocaulus spp. were extracted from the respiratory tracts of 3 ruminant hosts including roe deer 
(Capreolus capreolus), red deer (Cervus elaphus), and chamois (Rupicapra rupicapra) from wild populations in the province of Leon, 
northwestern Spain. The near-complete nuclear small-subunit ribosomal RNA gene, and 2 regions of the large-subunit ribosomal 
RNA gene, were amplified by PCR and sequenced. The SSU rDNA gene sequences indicated a high level of similarity between the 
isolate from C. elaphus and the published sequences for Dictyocaulus eckerti. SSU rDNA gene sequences were identical in the isolates 
from C. capreolus and R. rupicapra, and both corresponded to published sequences for D. capreolus. The LSU rDNA gene sequences 
differed in isolates from the latter 2 hosts, indicating the possible presence of an undescribed Dictyocaulus sp. in R. rupicapra. These 
results showed that the LSU rDNA gene sequences are useful indicators of genetic and species diversity in species of Dictyocaulus. 
Trichostrongyloid nematodes of Dictyocaulus spp, Railliet and 
Henry, 1907 may be important pathogens in the respiratory tracts 
of domestic and wild ruminants, The cross-transmission of 
Dictyocaulus spp" from wild to domestic ruminants and vice 
versa, has rarely been demonstrated, Although little evidence of 
such cross-transmission between ruminants exists, a thorough 
understanding of the parasites' geographic distribution and host 
ranges is important for monitoring Dictyocaulus transmission 
between wild- and domestic-host populations, 
In Spain, Dictyocaulus viviparus (Bloch, 1782) Railliet and 
Henry, 1907 and Dictyocaulus filaria (Rudolphi, 1809) Railliet 
and Henry, 1907 have been reported in domestic ruminants 
(Cordero del Campillo et aL, 1994; Astiz et at, 2000), There have 
also been recent reports of species occurring in wild ruminants, 
including Dictyocaulu,s noerneri Railliet and Henry, 1907 in roe 
deer (Dama dama Linn:), a nematode redescribed by Durette-
Desset et aL (1988), but considered incertae sedis by several 
authors (and suggested to represent Dictyocaulus eckerti Skrjabin, 
1931), In addition, a Dictyocaulus sp, has been reported in 
chamois (Rupicapra rupicapra Linn,) following recovery and 
examination of adult specimens, Identification oflarvae typical of 
Dictyocaulus spp, has also been the basis of 3 reports (Diez-Bafios 
et at, 1990; Carrillo Gonzalez et at, 1994; Panadero et at, 2001), 
In these cases, the morphological features of these nematodes 
have been difficult to use for species identification, given the high 
level of similarity that exists among several species (Gibbons and 
Khalil, 1988), 
In recent years, advances in molecular characterization of 
Dictyocaulus spp, have resulted in the identification of a distinct 
species from roe deer, namely Dictyocaulus capreolus Gibbons 
and Hoglund, 2002, The use of DNA sequences, coding for small-
subunit ribosomal RNA genes and other loci such as internal 
transcribed spacer (ITS2) sequences, has revealed the existence of 
several distinct clades or species of Dictyocaulus (Epe et at, 1997; 
Hoglund et at, 1999; Hogland et at, 2003), Genes from the 
ribosomal RNA repeat have also been of value in estimating 
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phylogenetic relationships among trichostrongyloid and meta-
strongyloid nematodes (Carreno and Nadler, 2003; Chilton et at, 
2006). In the present study, we report the characterization of 
Dictyocaulus spp. found in 3 ruminant hosts in northwestern 
Spain, including chamois (R. rupicapra), red deer (Cervus elaphus 
Linn.), and roe deer (Capreolus capreolus Linn.) using sequences 
from the small- and large-subunit ribosomal RNA genes. 
MATERIALS AND METHODS 
Specimens of Dictyocaulus spp. were collected in the Cantabrian 
Mountains of the province of Leon, northwest Spain from chamois, red 
deer, and roe deer. Hosts were killed (31, 21, and 37 hosts, respectively) by 
hunters, and the respiratory tracts of each animal were examined for 
Dictyocaulus spp, Adult nematodes were extracted from the respiratory 
tract, placed in 1.5 ml microcentrifuge tubes, and frozen at -20 C. DNA 
was extracted from I specimen of each of the 3 hosts, using overnight 
digestion of nematode tissues with proteinase K, followed by DNA 
extraction using DNAzol (Molecular Research Center, Cincinnati, 
Ohio) or MasterPure™ (Epicentre Technologies, Madison, Wisconsin) 
kits. Approximately 1,750 bp of the SSU rDNA was amplified using 
primers 18S1A forward (5'-GGCGATCGAAAAGATTAAGC-
CATGCA) and 136 reverse (5'-TGATCCTTCTGCAGGTTCACCTAC). 
A 950-bp fragment of the 5' end of the LSU rDNA containing the D2 and 
D3 domains was amplified using primers 391 forward (5' -AGCGGAG-
GAAAAGAAACTAA) and 501 reverse (5'-TCGGAAGGAACCAGC-
TACTA). The third amplified region consisted of 850-900 bp of the 3' end 
of the LSU rDNA. This region was amplified using primers 537 forward 
(5'-GATCCGTAACTTCGGGAAAAGGAT) and 531 reverse (5'-
CTTCGCAATGA TAGGAAGAGCC). PCR reactions of 25 ul consisted 
of 0.5 !lM of each primer, 200 !lM deoxynucleoside triphosphates, and a 
MgCI2 concentration of 3 mM. Proofreading polymerase (Finnzymes 
DyNAzyme EXT, New England Biolabs, Ipswich, Massachusetts) was 
TABLE 1. Dictyocaulus sp. isolates from different hosts sequenced for 
comparative analysis. GenBank accession numbers for cloned sequences 
are in bold. Others were derived from direct sequencing of PCR products, 
Host 
Capreolus capreolus 
Rupicapra rupicapra 
... " 
Cervus elaphus 
Sequence 
18S 
28S 5' end 
28S 3' end 
18S 
28S 5' end 
28S 3' end 
18S 
28S 5' end 
28S 3' end 
GenBank accession no. 
FJS89016 
FJ589017 
FJS89011 
FJS89019 
FJS89018 
FJS89012 
FJS890lS 
FJ589013 
FJ589014 
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AY295805 Crenosoma mephitidis 
AY295819 Skrjabingylus chitwoodorum 
AY168863 Dictyocaulus eckerti 
AY168857 Dictyocaulus eckerti 
63 
AY168858 Dictyocaulus eckerti 
61 
AY168864 Dictyocaulus eckerti 
Dictyocaulus sp. ex. Cervus e/aphus 
AY168856 Dictyocaulus viviparus 
99 
AJ920361 Dictyocaulus viviparus 
100 
AY168862 Dictyocaulus capreolus 
AY168859 Dictyocaulus capreolus 
100 
,. 
Dictyocaulus sp. ex. Capreolus capreolus 
100 .A 
Dictyocaulus sp. ex. Rupicapra rupicapra 
AY168860 Dictyocaulus sp. ex. Dama dama 
AY168861 Dictyocaulus filaria 
100 
AJ920362 Dictyocaulus filaria 
FIGURE 1. Strict consensus of 3 equally parsimonious trees depicting phylogenetic relationships among Dictyocaulus spp. inferred from SSU rDNA 
sequences. Bootstrap values (from 2,000 replicates) for clades exceeding 50% support are mapped onto the tree. Sequences acquired from Spanish 
ruminants are underlined. 
used for amplification. PCR cycling parameters for the SSU rDNA 
reactions included denaturation at 94 C for 3 min, followed by 35 cycles of 
94 C for 30 sec, 54 C for 30 sec, and 72 C for 1 min, followed by a post-
amplification extension of 72 C for 7 min. The LSU rDNA regions were 
amplified using an annealing temperature of 54-58 C (5' end) or 54 C (3' 
end). 
Amplifications that yielded only the target product (as assessed by 
agarose gel electrophoresis) were prepared for direct sequencing using 
enzymatic treatment with exonuclease I and shrimp alkaline phosphatase 
(PCR product pre-sequencing kit, USB Corporation, Cleveland, Ohio). 
Amplifications that yielded one or more non-target products, in addition 
to the expected amplicon, were cloned prior to sequencing (Table I). For 
cloning, PCR amplicons were gel-isolated, washed 3x with TE buffer 
(pH 7.0) by spin filtration (Millipore Ultrafree-MC 30,000 NMWL, 
Millipore Corporation, Billerica, Massachusetts), ligated into pGEM-T 
vector (Promega, Madison, Wisconsin), and cloned into competent JM109 
Escherichia coli. Plasmid DNA was obtained for sequencing using Qiaprep 
spin miniprep kits (Qiagen Inc., Valencia, California). Sequencing 
reactions were performed using dye-terminator sequencing chemistry, 
and reaction products were separated and detected using an ABI 3730 
capillary DNA sequencer (Applied Biosystems Inc., Foster City, 
California). DNA templates were sequenced for both strands; for cloned 
ampl~:ms, a different clone was sequenced for each strand. 
For directly sequenced PCR products, site polymorphisms were 
recorded only when both alternative nucleotide peaks were present in all 
sequencing reactions representing both DNA strands. If the heights of the 
alternative nucleotide peaks at polymorphic sites were not equal, the 
height of the minor peak was required to significantly exceed background 
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AY295805 Crenosoma mephitidis 
AY295819 Skrjabingylus chitwoodorum 
AY168863 Dictyocaulus eckerti 
AY168857 Dictyocaulus eckerti 
100 
AY168858 Dictyocaulus eckerti 
100 
AY168864 Dictyocaulus eckerti 
Dictyocaulus sp. ex. Cervus e/aphus 
AY168856 Dictyocaulus viviparus 
91 100 
AJ920361 Dictyocaulus viviparus 
AY168862 Dictyocaulus capreolus 
100 100 
AY168859 Dictyocaulus capreolus 
" 
Dictyocaulus sp. ex. Capreolus capreolus 
.. 
100 
Dictyocaulus sp. ex. Rupicapra rupicapra 
AY168860 Dictyocaulus sp. ex. Dama dama 
AY168861 Dictyocaulus filaria 
100 
AJ920362 Dictyocaulus filaria 
FIGURE 2. Bayesian tree depicting phylogenetic relationships among Dictyocaulus spp. inferred from SSU rDNA sequences. Posterior probabilities 
are mapped onto the tree. 
terminations, and to comprise 2:25% of the major peak, in order to be 
scored as a polymorphism. For cloned rDNA, sequence differences 
between clones were recorded as polymorphisrns. CodonCode Aligner 
(Version 1.5.1, CondonCode Corporation, Dedham, Massachusetts) and 
Phred base calling were used for assembly of contigs. Sequences produced 
for this study have been deposited in GenBank (Table I). Completed 
sequences were aligned with other available Dictyocaulus spp. sequences 
from GenBank using Clustal-X version 1.53b (Thompson et aI., 1997). 
Phylogenetic analysis of SSU rDNA sequences, using parsimony analysis, 
was performed using PAUP*4.0blO (Swofford, 1998). Phylogenetic trees 
were viewed and printed using TreeView version 1.6.6 (page, 1996). 
Sequences from 2 metastrongyloid species (Skrjabingylus chitwoodorum 
Hill, 1939 and Crenosoma mephitidis Hobmaier, 1941) were used as 
outgroups to root the trees (Chilton et al., 2006). Portions of the 5' and 3' 
end of the alignment, for which a sequence was not available for each 
representative taxon, were excluded from the analyses. There were 2 
portions of the alignment that could not be reliably aligned; these included 
bases 610-617 and 1276-1299. Thus, these 2 regions were also excluded 
from the phylogenetic analyses. Sequences were analyzed, and most 
parsimonious trees were found using the branch-and-bound search option 
of PA UP*. Relative reliability of clades was assessed using 2,000 replicates 
of bootstrap resampling with parsimony inference. Clades with bootstrap 
support greater than 60% were mapped on the strict consensus of the most 
parsimonious trees recovered. A second analysis of the data was conducted 
using.iIte program MrBayes 3,1.2 (Ronquist and Huelsenbeck, 2003) and 
using the same alignment and outgroups. The standard deviation of split 
frequencies was used to assess if the number of generations completed was 
sufficient; the chain was sampled every 200 generations over a total of 2 
million generations. Burn-in (20%) was determined empirically by 
examination of the log likelihood values of the chains. 
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TABLE II. Pairwise absolute number of differences calculated for the 
combined large-subunit ribosomal RNA gene sequences (5' and 3' ends) 
for Dictyocaulus spp. from Spain. The absolute distance matrix, excluding 
gaps, is shown on the top right portion of the matrix. Differences 
including gaps are represented in the bottom left portion of the matrix. 
Sequence 2 3 4 5 
I. AM039753 Dictyocaulus viviparus 48 57 58 210 
2. Cervus elaphus isolate 142 47 47 178 
3. Capreolus capreolus isolate 292 299 I 144 
4. Rupicapra rupicapra isolate 297 296 10 144 
5. AM039754 Dictyocaulus filaria 263 302 413 423 
RESULTS 
The alignment of the SSU rDNA sequences revealed, with the 
exception of a single base, identical sequences for the isolate from 
C. elaphus and 4 sequences identified as D. eckerti in GenBank 
and obtained from various ruminant hosts (GenBank AY168863, 
AY168857, A Y168858, and A YI68864). The single exception was 
a substitution of a C in the Spanish isolate for a T in D. eckerti 
(position 929 in the multiple alignment). Two other SSU sites that 
appeared polymorphic (G or A, designated R) were seen in the 
Spanish red deer Dictyocaulus sp. The 2 SSU rDNA Dictyocaulus 
sp. sequences from R. rupicapra and Ca. capreolus were identical 
to one another and also matched 2 GenBank sequences from A. 
alces (AYI68862) and Ca. cap reo Ius (AYI68859), except that 
there were 3 polymorphic "ROO sites for the 2 Spanish isolates that 
were referred to as either A or G in the GenBank sequences. 
The SSU rDNA alignment for all available Dictyocaulus spp., 
and the 2 metastrongyloid outgroups, yielded 98 parsimony-
informative characters. The analysis yielded 3 equally parsimo-
nious trees of 135 steps, with a consistency index of 94.8%. The 
majority-rule consensus of these trees depicted D. yiviparus as 
sister to D. eckerti plus Dictyocaulus from Spanish red deer. 
Within the monophyletic genus Dictyocaulus, bootstrap parsimo-
ny analysis (Fig. 1) showed very weak support for a clade 
including D. viviparus and D. eckerti. The D. capreolus sequences, 
and the Dictyocaulus representing R. rupicapra and C. capreolus 
from Spain, formed a strongly supported monophyletic group. A 
Dictyocaulus sp. sequence (A Y168860) from the fallow deer, 
Dama dama, was not included with the D. eckerti, D. viviparus, or 
D. capreolus clades. Dictyocaulus filaria was the sister taxon to a 
clade containing the other Dictyocaulus spp. 
Bayesian analysis of the SSU rDNA alignment yielded a tree 
with a topology very similar to that found by parsimony analysis. 
There was no posterior probability support for the inclusion of D. 
viviparus with the D. eckerti clade (Fig. 2), a result reflecting the 
low parsimony bootstrap support for this grouping. The Bayesian 
posterior tree also excluded the Dictyocaulus sp. isolate of roe deer 
from the clade containing D. capreolus, D. viviparus, and D. 
eckerti. 
The 2 LSU rDNA sequences produced for each of the 
nematodes from Spain were combined and aligned with the only 
2 Dictyocaulus LSU sequences previously deposited in GenBank, 
namely those of D. viviparus and D. filaria. The alignment 
revealed the absence of a region between bases 354 and 621, in 
which most bases in the R. rupicapra and C. cap reo Ius 
Dictyocaulus isolates were absent (230 out of 267), compared to 
Dictyocaulus sp. from Spanish C. elaphus and published sequences 
of D. viviparus, D. filaria, and the 2 metastrongyloid sequences 
that were compared. The C. elaphus isolate also included unique 
nucleotide substitutions that, altogether, yielded considerable 
genetic distance from the other isolates (Table II). Between the 
isolates from C. capreolus and R. rupicapra, there was a difference 
at base 1002 (A in the former, G in the latter), as well as an insert 
of TACGA at bases 1004 to 1009 in the C. capreolus nematode 
that was absent in the lungworm from R. rupicapra. In addition, 
there was an insert of TATA at base ll07-ll10 in the R. 
rupicapra lungworm that was absent in the C. capreolus nematode 
and in the other species (Table III). No phylogenetic tree was 
produced for these LSU sequences because too few sequences 
were available for comparative analysis. 
DISCUSSION 
The LSU rDNA sequence acquired from the C. elaphus 
lungworm could not be compared to sequences representing D. 
eckerti, as these are not yet available. However, the SSU rDNA 
sequences acquired from Dictyocaulus spp. in this host indicate a 
close affinity to the sequences of D. eckerti, which has been 
reported in C. elaphus (Gibbons and Khalil, 1988; Hoglund et aI., 
2003). Similarly, the SSU rDNA gene sequence from C. capreolus 
is also most similar to that of D. cap reo Ius; our finding of a 
putative D. capreolus from Spanish roe deer is also consistent with 
the recently reported type host for this species III Sweden 
(Gibbons and Hoglund, 2002). 
The LSU rDNA sequence obtained from the C. elaphus 
lungworm is more similar to that of D. viviparus than it is to 
the corresponding sequences acquired from C. capreolus and R. 
rupicapra isolates, a pattern consistent with the SSU rRNA gene 
sequences with respect to the sister group relationship inferred for 
D. viviparus and the C. elaphus isolate. A different sister group 
relationship, namely one between D. capreolus and D. eckerti, was 
shown by Hoglund et al. (2003) using SSU rDNA gene sequences. 
However, bootstrap support for the D. viviparous-D. eckerti 
relationship in the present study was weak, suggesting that SSU 
data are insufficient for distinguishing between these alternatives. 
In contrast, there was strong support, in the present study, for a 
clade consisting of all sampled Dictyocaulus except for D. filaria, 
TABLE III. Sequence differences for large-subunit ribosomal RNA sequences from 2 portions of the alignment. 
Sequence 
AM039753 Dictyocaulus viviparus 
Cervus elaphus isolate 
Capreolus capreolus isolate 
Rupicapra rupicapra isolate 
AM039754 Dictyocaulus filaria 
pos. 1000 
CTA~TAG--GATTGG 
CTAGTAC--GA----
CTGG-----------
CTAGTAGCGGATTGG 
pos. 1104 
ATC-ACACG 
AT----ACG 
ATA----CG 
ATATATACG 
A------CA 
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with the latter species representing the sister taxon to this larger 
group of Dictyocaulus spp. Sequences from additional specimens 
of D. eckerti, including LSU data, would be of value in further 
characterization of this species and in resolving the phylogenetic 
relationship between D. viviparus, D. capreolus, and D. eckerti. 
The differences in the LSU rDNA sequences found between the 
isolates from C. capreolus and R. rupicaprae, in contrast to the 
identical nature of the SSU rDNA gene sequences in both isolates, 
indicate that the SSU rRNA gene may be too highly conserved in 
some closely related species to be of value in distinguishing 
between them. If the Dictyocaulus sp. in our Spanish roe deer 
sample is D. capreolus, then the differences seen in LSU rRNA 
gene sequences are suggestive of an undescribed species in R. 
rupicapra that is closely related to D. cap reo Ius from roe deer. 
Alternatively, the Dictyocaulus spp. from Spanish roe deer and 
chamois may represent undescribed species. Here, too, there is a 
need for comparable LSU rDNA sequences from reliably 
identified D. capreolus. 
The higher degree of variation seen in the sequences acquired 
from the LSU rDNA gene from the 3 Dictyocaulus spp. in the 
present study indicates that variable regions of this locus are 
valuable for distinguishing between different species in this genus. 
Dictyocaulus spp. are often reported from wildlife, based on 
recovery of larvae in feces, in the absence of post mortem 
examination of adult nematodes. Furthermore, adults identified 
as different species have been described from the same hosts. For 
example, the Dictyocaulus sp. has often been reported in the 
chamois as D. filaria (e.g., Gebauer, 1932; Horning and 
Wandeler, 1968). However, there are reports of other species 
from this host, including D. viviparus (Stefancikova, 1999). The 
identity of larval stages could be verified using the partial LSU 
rDNA sequences described in the current study. The sequences 
that we acquired from Spanish ruminants are readily distinguish-
able from D. filaria and also reveal differences betwe~n the closely 
related species from C. cap reo Ius and R. rupicapra. 
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A NEW DICYEMID FROM OPISTHOTEUTHIS DEPRESSA 
(MOLLUSCA: CEPHALOPODA: OCTOPODA) 
Hidetaka Furuya 
Department of Biology, Graduate School of Science, Osaka University, 1-1 Machikaneyama, Toyonaka, Osaka 560-0043, Japan. e-mail: hfuruya@ 
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ABSTRACT: A new species of dicyemid mesozoan is described from Opisthoteuthis depressa Iijima and Ikeda, 1895, collected from 
Suruga Bay in Japan, Dicyemennea umbraculum n. sp. is a medium species that reaches approximately 3,500 J.lm in length. This species 
attaches to the surface of the renal appendages. The vermiform stages are characterized as having 22 or 23 peripheral cells, a disc-
shaped calotte, and an axial cell that extends to the propolar cells. An anterior abortive axial cell is absent in vermiform embryos. 
Infusoriform embryos consist of 37 cells; a single nucleus is present in each urn cell, and the refringent bodies are solid. This is the first 
description of a dicyemid from Opisthoteuthis. 
Dicyemid mesozoans (phylum Dicyemida) are the most 
common and characteristic endosymbionts that typically are 
found in the renal sac of benthic cephalopod molluscs. Dicyemids 
are distributed in a variety of geographical localities, i.e., Okhotsk 
Sea, Japan Sea, western and northeastern Pacific Ocean, New 
Zealand, northern Indian Ocean, Mediterranean, northwestern 
and eastern Atlantic Ocean, Gulf of Mexico, and Antarctic 
Ocean. Typically, 2, or more, species of dicyemids live in each 
host species or each individual host (Furuya, 1999). The majority 
of the dicyemid species studied were found to be host specific 
(Furuya, 1999, 2006a). Approximately 112 species of dicyemids 
have been reported so far in at least 41 species of benthic 
cephalopods worldwide. At least 85 nominal species of dicyemids 
have been recorded in the Octopoda. Their hosts are incirrate 
octopods, except I species that was described from Grimpoteuthis 
glacialis (Robson, 1930), currently Cirroctopus glacialis (Robson, 
1930), by Hochberg and Short (1983). Hochberg (1982) noted the 
occurrence of dicyemid' species in Opisthoteuthis Verrill, 1883, but 
the host species and the parasite information were not described. 
Recently, I have found a species of dicyemid in Op.isthoteuthis 
depressa. In the present paper, I described a new dicyemid species 
from O. depressa. 
MATERIALS AND METHODS 
In this study, 27 individuals of 0. depressa were examined for dicyemids 
in 2007 and 2008. Host specimens were obtained from fishermen, who 
collected them in Suruga Bay (off Heta, Shizuoka Prefecture), Honshu, 
Japan. Small pieces of the renal organ with attached dicyemids were 
removed and smeared on glass microscope slides. The smears were fixed 
immediately in Bouin's fluid for 24 hr and then stored in 70% ethyl 
alcohoL Most of them were stained in Ehrlich's hematoxylin and 
counterstained in eosin. Stained smears were mounted with Entellan 
(Merck, Darmstadt, Germany). Dicyemids were observed with a light 
microscope (BX-51, Olympus, Tokyo, Japan) at magnifications up to 
X2,000. Measurements and drawings were made with the aid of an ocular 
micrometer and a drawing tube (U-DA, Olympus), respectively. 
The terminology for cell names used in the description of infusoriform 
larvae is based on Nouvel (1948), Short and Damian (1966), Furuya et al. 
(1992,1997), and Furuya (1999). Specimens of the dicyemids are deposited 
in the Osaka University Museum, Toyonaka, Osaka, Japan (OUM), and 
in my collection. The octopus specimens harboring the dicyemids are 
deposited in the OUM. 
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DESCRIPTION 
Dicyemennea umbraculum 
(Figs. 1,2; Tables I, II) 
Diagnosis: Medium dicyemid; body lengths reaching 3,500 J.lm. Calotte 
disc-shaped. Vermiform stages with 22 or 23 peripheral cells: 4 propolars + 
5 metapolars + 2 parapolars + II or 12 trunk cells. Infusoriform embryos 
with 37 cells; refringent bodies solid; and 1 nucleus present in each urn cell. 
Nematogens (Figs. lb, 2a, c-e): Body length from 500 to 3,500 J.lm, 
width from 80 to 300 J.lm; widest in region of parapolars; trunk width 
mostly uniform. Peripheral cell number 22 or 23 (Table I): 4 propolars + 5 
metapolars + 2 parapolars + 9 or 10 diapolars + 2 uropolars. Calotte disc-
shaped, cilia on calotte approximately 6 J.lm long, oriented anteriorly. 
Propolar cells and their nuclei smaller than metapolar cells and their 
nuclei, respectively (Figs. Ib, 2c-e). Cytoplasm of pro polar and metapolar 
cells more darkly stained by hematoxylin than cytoplasm of other 
peripheral cells. Verruciform cells absent. Axial cell cylindrical, rounded 
anteriorly; cell extends forward to propolar cells (Fig. 2c, d). Approxi-
mately 20 vermiform embryos present in an axial cell of large individuals. 
Vermiform embryos (Figs. 1 d, 2h, i): Full-grown vermiform embryos 
range from 90-160 J.lm in length, from 15-20 J.lm in width. Peripheral cell 
number 22 or 23 (Table I); trunk cells arranged in opposed pairs. Anterior 
end of calotte rounded. Axial cell rounded anteriorly; extends to propolar 
cells; nucleus usually located in the center of axial cell. Anterior abortive 
axial cell absent. Axial cell of full-grown embryos with as many as 2 
agametes. 
Rhombogens (Figs. la, c, 2b,f, g): Body similar in length but slightly 
stockier than nematogens, length from 500 to 3,500 J.lm, width from 100 to 
300 J.lm. Peripheral cell number 22 or 23 (Table I). Calotte disc-shaped. 
Axial cell shape and anterior extent similar to nematogens. Verruciform 
cells absent. Usually, I or 2 infusorigens present in axial cell of each parent 
individuaL Approximately 200 infusoriform embryos present in an axial 
cell of large individuals. Accessory nuclei occasionally present in trunk 
cells. 
Infusorigens (Fig. 1 e; n = 20): Mature infusorigens large-sized; 
composed of 91-227 (mode 133) external cells (oogonia and primary 
oocytes) + 38-86 (mode 57) internal cells (spermatogonia, primary 
spermatocytes, and secondary spermatocytes) + 21-87 (mode 48) 
spermatozoa. Mean diameter of fertilized eggs 12.4 J.lm; that of 
spermatozoa 2.3 J.lm. Axial cell round or ovoid, range in diameter from 
40 to 68 J.lm. 
Infusoriform embryos (Figs. If, g, 2j-l; n = 100): Full-grown embryos 
large, average 32.5 ± 1.8 J.lm in length (excluding cilia; mean ± SD); 
length:width:height ratio 1.0:0.82:0.85; shape ovoid, bluntly rounded to 
pointed posteriorly; cilia at posterior end 7 J.lm long. Refringent bodies 
present, solid; occupy anterior 40% of embryo length when viewed 
laterally (Fig. If). Cilia project from ventral internal cells into urn cavity 
(Fig. 21). Capsule cells contain small granules. Mature embryos with 37 
cells: 33 somatic + 4 germinal cells. Somatic cells of several types present: 
external cells that cover large part of anterior and lateral surfaces of 
embryo~2 enveloping cells); external cells with cilia on external surfaces (2 
paired dorsal cells + 1 median dorsal cell + 2 dorsal caudal cells + 2 lateral 
caudal cells + I ventral caudal cell + 2 lateral cells + 2 posteroventral 
lateral cells), external cells with refringent bodies (2 apical cells); external 
cells without cilia (I couvercle cell + 2 first ventral cells + 2 second ventral 
cells + 2 third ventral cells); internal cells with cilia (2 ventral internal 
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cell ). and internal cell ith ut cilia (2 d r al internal c II + 2 cap ule 
c II + 4 urn cell) . ach urn ell containing I nu leu and I germinal II. 
II omati nuclei ti in mature infu riform embr 0 . 
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Addilionallocalilies: one. 
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FIGURE 2. Dicyemennea umbraculum n. sp., line drawings of syntype specimens on slide OUM-00019. (a-b) Vermiform stages, entire: (a) nematogen 
and (b) rhombogen. (c) Anterior region of young nematogen. (d-e) Anterior region ofnematogen. (f-g) Anterior region ofrhombogen. (h-i) Vermiform 
embryos within the axial cell: (h) cilia omitted and (i) optical section. G-I) Infusoriform embryos: (j) dorsal view (cilia omitted), (k) ventral view (cilia 
omitted), and (I) sagittal section. See Figure I for abbreviations. 
Bogolepova-Dobrokhotova, 1962, Dicyemennea discocephala Hochberg 
and Short, 1983, Dicyemennea rostrata Short and Hochberg, 1969, and 
Dicyemennea pileum Furuya, 2008 in the number of peripheral cells and 
the shape of the calotte. Dicyemennea brevicephaloides was described from 
Rossia pacifica Berry, 1911 in Sea of Japan (near the Putyatin Island), 
Toyama Bay (Japan), Sea of Okhotsk, Puget Sound (Washington), and off 
Coos Bay (Oregon) (Bogolepova-Dobrokhotova, 1962; Hoffman, 1965; 
Hochberg, 1990; Furuya, 2007). In the site of infection, D. brevicephaloides 
is of the rare type for dicyemids. This species attaches to the surface of the 
branchial heart appendages (Hoffman, 1965; Furuya, Ota et aI., 2004; 
Furuya, 2007). Dicyemennea umbraculum is easily distinguishable from D. 
brevicephaloides in the cell number ofinfusoriform embryos (37 vs. 35) and 
in having solid refringent bodies in apical cells of infusoriform embryos 
(Furuya, Hochberg et aI., 2004; Furuya, 2007). 
Dicyemennea rostrata was described from Robsonella australis (Hoyle, 
1885) in New Zealand (Short and Hochberg, 1969). The new dycemid 
species can be easily distinguished from D. rostrata in the maximum 
number of agamete at eclosion of vermiform embryos (2 vs. 4), the cell 
number of infusoriform embryos (37 vs. 39) and in having the anterior 
abortive axial cell. Dicyemennea pileum was described from Octopus 
sasakii Taki, 1942 in Japan (Furuya, 2008a). The cellular composition and 
cell number of infusoriform embryos in D. pileum is unusual in dicyemids 
(Furu~ Hochberg et aI., 2004; Furuya, 2008a). Infusoriform embryos of 
this species consist of 38 cells and include 2 germinal cells in each urn cell. 
In this respect, D. umbraculum differs from D. pileum. 
Dicyemennea discocephala was described from G. gracialis (= C. 
glacialis) in Antarctic waters (Hochberg and Short, 1983). In larger 
nematogens of D. discocephala, the axial cell is typically rounded and 
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TABLE I. Dicyemid species from the opisthoteuthid octopus Opisthoteuthis depressa. 
Octopus 
Host no. Total length (cm) Sex 
OD2070 15.2 9 
OD2071 14.3 9 
OD2072 12.S 9 
OD2073 13.0 0' 
OD2074 15.3 0' 
OD207S 17.0 9 
OD2079 16.2 9 
0D20S0 11.0 9 
OD20S1 12.3 9 
OD20S2 10.S 9 
OD2097 14.9 9 
OD209S 15.0 9 
OD2099* IS.6 9 
OD2100 IS.5 9 
OD2101 17.5 9 
OD2102 17.4 9 
OD2103 22.0 9 
OD2104 21.0 9 
OD2105 12.3 0' 
OD2106 18.2 0' 
OD2107 17.0 0' 
OD2108 18.3 0' 
OD2109 14.5 0' 
OD21l0 13.4 0' 
OD2111 17.2 0' 
OD2112 14.8 0' 
OD2113 17.2 0' 
* The host (OUM-MO-00l20) for the syntype of D. umbraculum n. sp. 
expanded within the calotte (Hochberg and Short, 1983), whereas the axial 
cell in D. umbraculum is uniform in width. In addition, D. umbraculum 
differs from D. discocephala in the maximum number of agamete at 
ec1osion of vermiform embryos (2 vs. 4) (Hochberg and Short, 1983). 
DISCUSSION 
Dicyemid species in cirrate octopods 
Dicyemids occur mainly in shallow water, benthic, incirrate 
octo pods and in a few species of epibenthic decapods, i.e., 
cuttlefishes, sepiolids, and loliginids (Nouvel, 1947; McCon-
naughey, 1949; Hochberg, 1990; Furuya and Tsuneki, 2003). 
Many cirrate octopods are bentho-bathypelagic (Stauroteuthidae, 
Cirroteuthidae, and some Opisthoteuthidae). The pelagic species 
often hover just above the ocean floor with arms and web spread 
parallel to the substrate (Roper and Brundage, 1972). They swim 
by flapping their fins or by medusoid contraction of the arm-web 
complex and not by mantle contraction (Vecchione and Young, 
1997). Thus, the pelagic species rarely come in contact with the 
TABLE II. Number of peripheral cells in new species of dicyemid. 
Cell no. 
22 
23 
No. of Individuals 
Vermiform embryos 
6 
44 
Nematogens 
2 
35 
Rhombogens 
7 
22 
Maturity Date of examination Dicyemids 
Submature 12 December 2007 None 
Submature 12 December 2007 None 
Immature 12 December 2007 None 
Submature 12 December 2007 None 
Mature 12 December 2007 None 
Mature 19 December 2007 D. umbraculum 
Mature 19 December 2007 D. umbraculum 
Immature 19 December 2007 D. umbraculum 
Immature 19 December 2007 D. umbraculum 
Immature 19 December 2007 D. umbraculum 
Submature 24 April 200S D. umbraculum 
Submature 24 April 200S D. umbraculum 
Mature 24 April 200S D. umbraculum 
Mature 24 April 200S D. umbraculum 
Mature 24 April 200S D. umbraculum 
Mature 24 April 200S D. umbraculum 
Mature 24 April 200S D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Submature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
Mature 24 April 2008 D. umbraculum 
bottom, and they feed mainly on pelagic copepods (Vecchione, 
1987). However, pelagic species C. glacialis harbors a species of 
dicyemid (Hochberg and Short, 1983), which suggests that the 
cirrates may be more closely associated with the bottom than 
previously thought. In contrast, most opisthoteuthids are 
apparently benthic, and their bodies are more compressed in the 
anterior-posterior axis and thereby adapted to the bottom. They 
feed on benthic crustacean and polychaetes (Villanueva and 
Guerra, 1991). Thus, the cirrate octopods are excellent potential 
hosts for dicyemids. 
Opisthoteuthis consists of 19 nominal species (Collins and 
Villanueva, 2006), including 4 Japanese species: 0. depressa; 0. 
californiana Berry, 1949; 0. japonica Taki, 1963; and O. albatrossi 
(Sasaki, 1920). Opisthoteuthis depressa inhabits bathyal benthic 
waters 130-1,100 in depth and is distributed from Sagami Bay to 
Kyushu. Opisthoteuthis depressa is well known to local Japanese 
fishermen, who catch them in Suruga Bay using small trawling 
nets when fishing for the Japanese spider crab, Macrocheira 
kaempferi Temminck, 1836, from the winter to spring. Octopus 
hongkongensis Hoyle, 1885 is caught with 0. depressa in this 
locality. 
In the present study, dicyemid species were found in 22 of 27 
indmuals of 0. depressa examined that were caught in the 
Suruga Bay in Japan. Opisthoteuthis depressa has a single species 
of Dicyemennea. The Dicyemidae includes 2 common genera, 
Dicyema von K6lliker, 1849 and Dicyemennea. These 2 genera 
make up nearly 90% in the nominal dicyemid species. Dicyema 
species are predominantly found in shallow-water cephalopods 
worldwide. They have never been described from deep-water 
cephalopods, and only rarely recorded in mid-depth hosts 
(Furuya and Hochberg, 2002). In fact, 0. hongkongensis caught 
with O. depressa has 3 species of Dicyemennea (H. Furuya, 
unpubI. obs.). Enteroctopus dofleini (Wiilker, 1910) inhabits mid-
depth and has 2 species of Dicyemennea and 3 species of 
Dicyemodeca (Furuya, 2008b). Although common elsewhere in 
the world, species of Dicyema have never been found in the 
southern oceans (Hochberg, 1990). Most likely, this is directly or 
indirectly correlated with host depth distribution. 
Reproductive strategy 
The size and number of infusorigens are diagnostic character-
istics of the dicyemid species (Furuya et aI., 1993,2007). There is a 
negative curvilinear relationship between the number of infusori-
gens per rhombogen and the number of gametes (egg-line and 
sperm-line cells) per infusorigen (Furuya et aI., 2003; Furuya, 
2005, 2006a, 2006b, 2006c). Irrespective of genera, there are 4 
distinct groups with respect to reproductive strategy: (1) 
rhombogens form a relatively small number of medium- to 
large-sized infusorigens (less than 5) and produce a relatively large 
number of gametes (more than 20) per infusorigen; (2) rhombo-
gens produce a large number of infusorigens (more than 5), each 
of which has at most 20 gametes; (3) rhombogens produce large 
numbers of large-sized infusorigens with a large number of 
gametes; and (4) rhombogens form a relatively small number of 
small-sized infusorigens with a few gametes (at most 10). 
Rhombogens of D. umbraculum have a small number of large-
sized infusorigens; thus, these species belong to the first type. 
Infusorigens of D. umbraculum produce up to 361 gametes, which 
is the largest number of gametes of known dicyemids belonging to 
the first type (Furuya et aI., 2003). This may highly trend toward a 
strategy that increases the number of gamete per inrusorigen. 
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A NEW ENCEPHALITOZOON SPECIES (MICROSPORIDIA) ISOLATED FROM THE LUBBER 
GRASSHOPPER, ROMALEA MICROPTERA (BEAUVOIS) (ORTHOPTERA: ROMALEIDAE) 
Carlos E. Lange, Shajahan Johny*, Michael D. Bakert, Douglas W. Whitman*, and Leellen F. Solter:!: 
Scientific Investigations Commission of Buenos Aires province, CCT La Plata CONICET, Center for Parasitological Studies and Vectors (CEPAVE), 
La Plata National University, Calle 584, La Plata (1900), Argentina. e-mail: Isolter@illinois.edu 
ABSTRACT: We describe a new microsporidian species, Encephalitozoon romaleae n, sp" isolated from an invertebrate host, the 
grasshopper Romalea microptera, collected near Weeks Island, Louisiana, and Jacksonville, Florida. This microsporidian is 
characterized by specificity to the gastric caecae and midgut tissues of the host and a life cycle that is nearly identical to that of 
Encephalitozoon hellem and Encephalitozoon cuniculi. Mature spores are larger (3.97 X 1.95 ~m) than those of other Encephalitozoon 
species. Polar filament coils number 7 to 8 in a single row. Analysis of the small subunit (SSU) rDNA shows that E. roma/eae fits well 
into the Encephalitozoon group and is a sister taxon to E. hellem. This is the first Encephalitozoon species that has been shown to 
complete its life cycle in an invertebrate host. 
Species of Encephalitozoon (Microsporidia) infect a variety of 
vertebrate animals, including humans (reviewed by Didier and 
Bessinger, 1999). The most frequently identified microsporidian 
human pathogens are Enterocytozoon bieneusi, Encephalitozoon 
intestinalis, Encephalitozoon hellem, and Encephalitozoon cuniculi, 
accounting for more than 90% of human infections (Didier, 
Didier, Friedberg et aI., 2006). 
Encephalitozoon-like microsporidian species have been reported 
to occur in invertebrates only twice, in both cases in association 
with a mammal. Ribeiro and Guimaraes (1998) observed an 
Encephalitozoon sp. infecting ticks that had fed on rabbits. 
Although rabbits are commonly infected with E. cuniculi 
(Canning and Lorn, 1986), the authors did not report whether 
the rabbit was infected with this pathogen. Ribeiro and Passos 
(2006) observed an Encephalitozoon-like microsporidian infecting 
a tick found feeding on a horse known to be infected with Babesia 
caballi. The horse died and was not tested for microsporidiosis. 
Neither microsporidian isolate was sequenced, but the latter 
isolate was reported to conform to the morphological description 
of E. cun iculi.· 
We recently isolated an undescribed microsporidian from a 
laboratory colony of the lubber grasshopper Romalea microptera 
(Beauvois) (=guttata (Houttuyn) (Otte, 1995) at Illinois State 
University (ISU). First exposure of the colony to the pathogen 
was apparently in July 2001 when adult R. microptera grasshop-
pers that were field-collected near Weeks Island, Louisiana, were 
introduced into the ISU colony. The pathogen infects the gastric 
caecae and, to a lesser extent, the midgut tissues, and was noted to 
have a developmental cycle in host cells that is highly unusual for 
entomopathogenic micro sporidia. Spores are passed with the 
feces, and transmission is achieved when uninfected individuals 
consume spore-contaminated food (Johny et aI., 2008). The 
pathogen seems to cause low-to-moderate mortality in the ISU R. 
microptera colony. Here, we describe the new species and provide 
data on the phylogenetic relationship of this microsporidian with 
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congeneric microsporidian species described from vertebrate 
animals. 
MATERIALS AND METHODS 
Host insects 
The ISU R. microptera laboratory colony was originally established in 
1996 from animals collected from Copeland, Florida, and is periodically 
augmented by the addition of field-collected specimens from the same 
location. Additional grasshoppers collected from various localities, including 
Weeks Island, Louisiana, were periodically established at ISU, but they were 
maintained separately in the laboratory. The insects are group-reared in 
large screen cages; fed Romaine lettuce leaves supplemented with oatmeal, 
wheat bran, and various fresh vegetables; and maintained under a 14:IO-hr 
L:D photoperiod (Matuszek and Whitman, 2001). Although the rearing 
rooms are maintained at 26-29 C, heat lamps allow individuals to seek their 
preferred temperature (-35 C) during the day. Despite the use of standard 
hygiene procedures (Matuszek and Whitman, 2001), including the 
bimonthly sterilization of cages and maintenance of insects in age- and 
population-specific cages, virtually 100% of laboratory grasshoppers from 
all localities became infected with the microsporidian pathogen after its 
unintentional introduction to the ISU colony. 
In addition to the colony insects, R. microptera grasshoppers were 
collected from 4 sites in the Weeks Island (Iberia Parish), Louisiana, area in 
July 2006. Of 37 Weeks Island grasshoppers dissected, infected individuals 
were recovered from 3 sites (Table I). Infected host insects used in these 
studies included both individuals from the ISU colony and field-collected 
individuals. In August 2008, another infected R microptera population was 
discovered in Jacksonville, Florida. This microsporidian isolate was 
sequenced to determine its relationship with the other 2 isolates. 
Microscopic studies 
Freshly excised internal organs of infected R. microptera were examined 
using phase contrast microscopy at x400 and X 1,000. Midgut and gastric 
caecae tissues of infected insects were fixed in 100% methanol, stained with 
Giemsa (Vavra and Maddox, 1976), and examined using bright field 
microscopy, Fresh spores (n = 30) were immobilized in immersion oil 
(Hazard et aI., 1981) and measured using an Image Splitting Eyepiece 
(Vickers Instruments, Ltd., Malden, Massachusetts); Giemsa-stained spores 
(n = 30) were also measured. Because uninfected R. microptera were not 
available, no timed studies were per-formed to evaluate early development of 
the microsporidian; however, all developmental forms described for 
Encephalitozoon species were observed in the study insects. 
For transmission electron microscopy, small samples of infected tissues 
were fixed for I hr at 4 C in 2.5% (v/v) glutaraldehyde buffered with 
0.1 M cacodylate buffer, pH 7.4; post-fixed in I % aqueous osmium 
tetro;&ide (v/w); and en bloc-stained with I % uranyl acetate. The material 
was dehydrated through an ascending acetone series after which samples 
were embedded in Spurr's resin. Thick sections (1.0 ~m) stained with 
methylene blue were observed using light microscopy to determine the 
infected sites. Ultrathin sections were post-stained with methanolic uranyl 
acetate followed by lead citrate and were observed and photographed at 
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TABLE I. Field survey for the microsporidian Encephalitozoon romaleae in grasshopper hosts. 
Grasshopper species 
Romalea microptera 
Athens, Georgia 
Jacksonville, Florida 
Orlando, Florida 
20 km N Copeland, Florida 
Copeland, Florida 
3 km E Ochopee, Florida 
Shark Valley, Florida 
Anhinga Trail, Florida 
Paurotis Pond, Florida 
Weeks Island, Louisiana 
Barataria, Louisiana 
Taeniopoda eques 
Wilcox, Arizona 
Douglas, Arizona 
Rodeo, New Mexico 
Brachystola magna 
Rodeo, New Mexico 
Location 
33°S7'N, 83°24'W 
300 16'S2"N, 81°(l8-21)'W 
28°40'N, 81°13'W 
26°9'N,81°21'W 
25"S7'N,81°21'W 
2soSI'N,81°IS'W 
2S04S'N, 800 46'W 
2so23'N, 80 0 3S'W 
25°15'N,80 0 52'W 
29°50'N, 91°47'W 
29°S2'N, 91°47'W 
29°53'31"N, 104°38'32"W 
29°51 '36"N, 91 °47' II"W 
29°52'31"N, 91°47'03"W 
29°S0'S3"N, 91°47'17"W 
29°S9'N,900 21'W 
32°14'N, 109°49'W 
31°24'N, 109°29'W 
31°S0'N, 109°01 'W 
an accelerating voltage of 80 kV with an H600 electron microscope 
(Hitachi, Tokyo, Japan). 
DNA isolation, amplification, sequencing, and sequence analysis 
Tissues isolated from infected ISU colony insects and grasshoppers 
collected from Louisiana and Florida were homogenized in a glass tissue 
grinder, filtered through tightly woven synthetic material, centrifuged to 
pellet the spores and washed several times by resuspending the pellet in 
deionized water and centrifuging. DNA was prepared by grinding a 
cleaned spore pellet in deionized water on a Genogrinder 2000 
(SpexCertiprep, Metuchen, New Jersey). The macerated spores were 
heated at 95 C for 10 min and centrifuged. Two microliters of this 
preparation was used for amplification of the small subunit rRNA gene 
using primers 18F and 1492R (Weiss and Vossbrinck, 1999). The 
polymerase chain reaction products were either purified using Microcon-
100 (Amicon Bioseparations, Bedford, Massachusetts) or sequenced 
unpurified. Sequencing was performed on an ABI3730 genetic analyzer 
(Applied Biosystems, Foster City, California) at the Iowa State University 
DNA Facility (Ames, Iowa) using standard sequencing protocols. The 
Florida isolate was sequenced at the Keck Center, University of Illinois 
(Urbana, Illinois) on a 3730XL capillary sequencer (Applied Biosystems). 
Both strands of the gene were sequenced using primers 18F, 530F, 1047R, 
and 1492R (Weiss and Vossbrinck, 1999). Contigs were assembled using 
the sequence editor Sequence Assembler (Applied Biosystems) and 
imported into MacClade 4.06 (Maddison and Maddison, 2003) to 
perform the alignment. The sequences were visually aligned to an existing 
microsporidian sequence database. 
The analysis of the phylogenetic placement of E. romaleae was 
performed in a 2-step process. First, to confirm the generic placement of 
E. romaleae and to identify potential outgroups for a more detailed 
examination of the relationship between E. romaleae and the other 
Encephalitozoon species, we included a broad sampling of microsporidian 
species (Table II). Species were selected to span the major lineages of 
Date Stage No. examined No. infected 
August 2004 Adult 11 0 
September 2008 Adult 11 11 
September 2007 Adult 2 0 
July 2003 Adult 7 0 
July 2003 Adult IS 0 
July 2003 Adult 14 0 
March 2004 Third 19 0 
April 2004 Fifth 10 0 
June 2004 Adult 10 0 
March 200S Third 5 0 
April 2005 Fifth 10 0 
July 2003 Adult 18 0 
July 2003 Adult 29 0 
July 2003 Adult 10 0 
July 2003 Adult 7 I 
August 2003 Adult 9 S 
July 2006 Adult 13 0 
July 2006 Adult 7 3 
July 2006 Adult 10 2 
July 2006 Adult 7 I 
July 2008 Adult 11 0 
September 2003 Adult 10 0 
September 2003 Adult 5 0 
September 2008 Adult 2 0 
September 2008 Adult 10 0 
Microsporidia for which the small subunit rRNA gene has been 
sequenced. Where possible, sequences of the type species for the genus 
were selected. Taxa used for the second stage of the analysis are also listed 
in Table II. 
Parsimony and neighbor joining (NJ) were the primary methods used 
for phylogenetic analysis. A heuristic search criterion was used for 
parsimony analysis, incorporating 1,000 random stepwise addition 
replicates and tree bissection-reconnection branch swapping. For NJ 
analysis Kimura 2-parameter and HKY85 models of base substitution 
were assumed. Support for the various nodes was performed using 
parsimony and NJ bootstrap analysis. For parsimony bootstrap analyses, 
1,000 replicates were performed under the same heuristic search options as 
described above. Similarly the NJ bootstrap analyses were performed 
assuming the models above. All analyses were performed using PAUP 
version 4.0blO (Swofford, 2001). Regions of uncertain homology 
(hypervariable regions) were excluded from the analyses. 
Field collections of microsporidia-infected R. microptera 
Between 2003 and 2008, we examined 235 specimens of R. microptera 
collected in the field from Florida, Georgia, and Louisiana (Table I). 
Tissue smears from each insect were prepared from freshly dissected 
gastric caecae and midgut tissues .and examined using light microscopy 
(X400). We also examined individuals of the closely related grasshopper 
species Taeniopoda eques (n = 17) and Brachystola magna (n = 10) 
(Romaleidae) that were collected in Arizona and New Mexico (Otte, 1995; 
Stauffer and Whitman, 2007). 
",' DESCRIPTION 
Encephalitozoon romaleae n. sp. 
Diagnosis (light microscopy): Development only in epithelial cells of 
midgut and gastric caecae. Proliferative stages primarily spherical in 
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TABLE II. Microsporidian taxa used in phylogenetic analyses. 
Species 
First stage analysis 
Pleistophora typicalis 
Glugea anomala 
Ichthyosporidium sp. 
Kabatana takedai 
Spraguea lophii 
Arneson michaelis 
Orthosomella operophterae 
Vittaforma corneae 
Endoreticulatus schubergii 
Enterocytozoon bieneusii 
Ordospora colligata 
Encephalitozoon cuniculi 
Vairimorpha necatrix 
Nosema bombycis 
Bryonosema tuftyi 
Janacekia debaisieuxi 
Tubulinonosema (Nosema, Visvesvaria) 
acridophagus 
Gurleya daphniae 
Amblyospora californica 
Parathelohania anophelis 
Flabelliforma montana 
Flabelliforma magnivora 
Weiseria palustris 
Tritrichomonas foetus (Trichomonadida)-
outgroup 
Giardia lamblia (Diplomonadida)-
outgroup 
Second stage analysis 
Vittaforma corneae 
Endoreticulatus schubergii 
Enterocytozoon bieneusi 
Ordospora colligata 
Encephalitozoon intestinalis 
Encephalitozoon hellem 
Encephalitozoon cuniculi 
Encephalitozoon lacertae 
Encephalitozoon romaleae n. sp. 
(laboratory isolate) 
Encephalitozoon romaleae n. sp. (field 
isolate) 
* ds = direct submission, unpublished. 
Host 
Myoxocephalus scorpius 
Gasterosteus aculeatus 
Leiostomus xanthurus 
Oncorhyncus masu 
Lophius americanus 
Callinectes sapidus 
Operophtera brumata 
Homo sapiens 
Lymantria dis par 
H. sapiens 
Daphnia spp. 
Oryctolagus cuniculus 
Pseudaletia unipuncta 
Bombyx mori 
Plumatella sp. 
Simulium sp. 
Schistocerca americana 
Daphnia spp. 
Culex salinarius 
Anopheles quadrimaculatus 
Phlebotomus ariasi 
Daphnia magna 
Cnephia ornithophilia 
Box taurus 
Not stated 
H. sapiens 
L. dispar 
H. sapiens. 
D. magna 
H. sapiens 
H. sapiens 
O. cuniculus 
Mabuya perrotetii 
Romalea microptera 
R. microptera 
shape. Earliest stages small and uninucleate (Fig. 1A), undergoing 
karyokinesis to form binucleate meronts (Fig. 1B, D). Formation of 
globular plasmodia with 4, 6, 8, or more nuclei (Fig. 1D). Larger 
plasmodia with simultaneously occurring incipient cleavages (fragmenta-
tions) in periphery of cytoplasm (Fig. IE, F). Developing sporonts with 
fusiform appearance (Fig. 1C, G). Primarily rounded meronts attached to 
interfacial envelope (inner periphery of vacuolar membrane) (Xu et ai., 
2006) in proliferative phase of development (Fig. 1H). Asynchronous 
development within vacuole, proliferative stages on periphery and 
sporulating stages located elsewhere (Fig. II). Spherical vacuoles varying 
in size, 11-35 ~m (Fig. lJ), and containing 16 to many spores (Fig. IK). 
Spores measuring (mean ± SE) 3.97 ± 0.23 by 1.95 ± 0.08 ~m in fresh 
preparations (n = 30) (Fig. 1L) and 3.09 ± 0.15 by l.81 ± 0.1 ~m in 
Giemsa-stained smears (n = 30). 
Ultrastructure: Nuclear configuration never diplokaryotic. Meronts 
rounded, uninucleate (Fig. 2A) and binucleate (Fig. 2E) with double 
nuclear membrane (Fig. 2A). Meronts with large rounded nuclei, a few 
cisternae of endoplasmic reticulum, and dense cytoplasm with abun-
GenBank 
AF044387 
AF044391 
L39110 
AF356222 
AF033197 
Ll5741 
AB02317 
L39112 
L39109 
L07123 
AF394529 
L39107 
Y00266 
L39111 
AF484693 
AJ252950 
AF024658 
AF439320 
U68473 
AF027682 
AJ252962 
AY649786 
AF132544 
M81842 
M54878 
L39112 
L39109 
L07123 
AF394529 
L39113 
L39l08 
L39107 
AF067144 
EU502838 
EU502839 
Reference 
Nilsen et ai., 1998 
Nilsen et ai., 1998 
Baker et ai., 1995 
Nilsen et ai., 2001 
Hinkle et ai., 1997 (ds") 
Zhu, Wittner, Tanowitz, et ai., 1993 
Canning et ai., 2001 
Baker et ai., 1995 
Baker et ai., 1995 
Zhu, Wittner, Tanowitz, Kotler et ai., 1993 
Refardt et ai., 2002 
Baker et ai., 1995 
Vossbrinck et ai., 1987 
Baker et ai., 1995 
Canning et ai., 2002 
Cheney et ai., 2000 
Pienazek et ai., 2005 (ds) 
Refardt et ai., 2002 
Baker et ai., 1997 
Baker et ai., 1998 
Cheney et ai., 2000 
Refardt, 2004 (ds) 
Adler et ai. (ds) 
Chakrabarti et ai., 1992 
Sogin et ai., 1989 
Baker et ai., 1995 
Baker et ai., 1995 
Hartskeer1 et ai., 1995 
Refardt et ai., 2002 
Baker et ai., 1995 
Baker et ai., 1995 
Baker et ai., 1995 
Koudela et ai., 1998 
This study 
This study 
dance of ribosomes. Limiting membrane appearing as double entity with 
2 unit membranes in intimate association (Fig. 2B). Progressive 
separation of parasite cytoplasmic membrane and vacuole envelope 
resulting in development of electron lucent episporontal space between 2 
membranes (Fig. 2C, D), growing larger as parasite proliferates 
(Figs. 2F, 3B). After separation of membranes, electron dense material 
appearing on outer face of .parasite membranes; parasite cells 
simultaneously elongating (Fig. 3A, B). Fusiform stages detaching from 
interfacial envelope and forming sporonts (Fig. 3C, D). Sporonts 
distinguishable from proliferate forms by thickened envelopes, more 
dense cytoplasm, elongated shape, and numerous membrane profiles 
inside cytoplasm (Fig. 3C, D). Sporont plasma membranes invaginated, 
sugg~ing production by polysporous sporogony of ribbon-like 
sporogonial plasmodia (Fig. 3D, E; see also Fig. 1G, I). Vacuoles with 
large, highly variable numbers of stages and spores, occupying 
significant volume of host cell cytoplasm (Fig. 3E). Host cell cytoplasm 
and organelles sometimes crowded to cytoplasmic membrane. Mature 
spores (Fig. 4C) too dense for complete analysis but internal details 
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97 1 Pleistophora typicalis 
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89 991 Kabatana takedai 
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Ameson michaelis 
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Visvesvaria acridophagus 
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82 
Orthosomella operophterae 
, 
100 100 1 
99 100 I 
99 
Vittaforma corneae 
Endoreticulatus schubergii 
... 
Enterocytozoon bieneusi 
91 
93 98 
Ordospora colligata 
100 100 1 Encephalitozoon cuniculi 
58 100 1 Encephalitozoon romaleae 
100 
100 J Vairimorpha necatrix 
100 I Nosema bombycis 
Flabelliforma magnivora 
FIGURE 5. Maximum Parsimony bootstrap tree of broad sampling of microsporidian taxa using Tritrichomonas foetus and Giardia lamblia as 
outgroups. Numbers above and below the branches represent parsimony bootstrap and neighbor joining bootstrap support, respectively. Placement of 
E. romaleae highlighted. 
populations (Hade et aI., 2002, 2004; Homeny and Juliano, 2007; 
Huizenga et aI., 2008). Field surveys have detected the microspo-
ridian pathogen infecting R microptera only at Weeks Island, 
Louisiana, and Jacksonville, Florida. No infections were detected 
in grasshoppers collected from 10 additional sites in Florida, 
Georgia, and Louisiana (n = 171), nor were infections found in 17 
Taeniopoda eques and 10 Brachystola magna grasshoppers 
collected from Arizona and New Mexico (Table I). 
In the laboratory, the virulence of the micro sporidium and the 
gross pathology (lethargy, anal and oral discharge, and death of 
the host) seemed to vary among the different R. microptera 
pop:wjations, but all exposed individuals in the laboratory colonies 
developed infections. Colony grasshoppers originating from 
southern Florida showed no symptoms of infection other than 
presence of micro sporidia in feces and tissue. Romalea microptera 
collected from Athens, Georgia, and Weeks Island, Louisiana, 
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100 
100 
100 
100 
94 
92 
100 
100 
99 
100 
100 
100 
100 
100 
, 100 
100 
Vittaforma corneae 
Endoreticulatus schubergii 
Enterocytozoon bieneusi 
Ordospora colligata 
Encephalitozoon intestinalis 
Encephalitozoon romaleae (lab) 
Encephalitozoon romaleae (field) 
Encephalitozoon hellem 
Encephalitozoon cuniculi 
Encephalitozoon lacfrtae 
FIGURE 6. Maximum Parsimony bootstrap tree of Encephalitozoon 
matrix. Vittaforma corneae, Endoreticularus schubergii, Enterocytozoon 
bieneusi, and Ordospora colligata are used as outgroups. Numbers above 
and below the branches represent parsimony bootstrap and neighbor 
joining bootstrap support, respectively. 
TABLE III. Comparison of spore morphology in species of Encephalitozoon. 
TABLE IV. Percent sequence difference among the five Encephalitozoon 
species. 
Taxon 2 3 4 5 
1. E. intestinalis 
2. E. cuniculi 10.063 
3. E. lacertae 10.903 3.392 
4. E. romaleae 9.379 10.846 11.118 
5. E. hellem 9.154 10.935 11.088 4.447 
became lethargic, secreted brown fluid from the mouth and anus, 
and quickly died. Our observations on virulence and pathology 
are, however, anecdotal, and it is possible that a co-occurring 
unrecognized pathogen, such as a virus, produced some of the 
observed pathologies. 
Although reared in separate cages, all wild-caught, uninfected 
Taeniopoda eques and Brachystola magna grasshoppers became 
infected with the microsporidian pathogen within 6 days of being 
brought to ISU and placed in the rearing room with the R 
microptera colony. These species exhibited more extreme symp-
toms than those observed in R. microptera, including rapid 
mortality, which can be an indication of a nontarget host response 
to microsporidian infection (Solter et aI., 1997). No infections 
were produced in Melanoplus femurrubrum (De Geer) (Orthop-
tera: Acrididae), Gryllodes sigillatus (F. Walker) (Orthoptera: 
Gryllidae), Spodoptera exigua (Hubner) (Lepidoptera: Noctui-
dae), Aedes albopictus (Skuse) (Diptera: Culicidae), or Drosophila 
melanogaster Meigen (Diptera: Drosophilidae) fed freshly pro-
duced mature spores. 
Despite the morphological similarity to other Encephalitozoon 
species, we believe that the molecular evidence, larger average 
spore size, presence of electron-dense material on the surface of 
the sporonts, and unusual invertebrate host association is 
sufficient to assign this microsporidian species status. 
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No. polar Spore size (~m) (length x width) 
Species Spore shape 
E. cuniculi Ovoid, ellipsoid 
E. hellem Ovocylindrical 
E. intestinalis Ovocylindrical 
E. lacertae Elongate ellipsoid 
Slightly curved 
E. romaleae n. sp. Ovocylindrical 
• Transmission electron microscopy. 
t Light microscopy. 
filament coils 
3-8 
4-9 
4-7 
7 
7-8 
Fresh Fixed Reference 
2.5 x 0.5-1.0 1.8-2.4 X 1.0-1.5* .Sprague et a!., 1992 
Visvesvara et a!., 1999 
Canning and Vavra, 2000 
2.0-2.5 X 1.0-1.5* Didier, Didier, Friedbery et a!., 1991 
2.0 X 1.2* Cali et a!., 1993 
1.2-2.4 X 0.9-1.2t Del Aguila et a!., 1998 
3.5 X 1.5 .... 2.7 X 1.2t Canning, 1981 
Canning and Lorn, 1986 
3.97 X 1.95 3.01 X 1.81 t This study 
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NEW SPECIES OF FREITASCAPILLARIA (NEMATODA: CAPILLARIIDAE) FROM THE 
INTESTINE OF COTTUS CAERULEOMENTUM (TELEOSTEI: COTTIDAE) IN MARYLAND 
Frantisek Moravec and Patrick M. Muzzall* 
Institute of Parasitology, Biology Centre of the Academy of Sciences of the Czech Republic, Branisovska 31, 370 05 Geske Budejovice, Czech 
Republic. e-mail: moravec@paru.cas.cz 
ABSTRACT: A new species of capillariid nematode, Freitascapillaria laticauda n. sp. (Capillariidae), is described from the intestine of 
the blue ridge sculpin, Cottus caeruleomentum (Cottidae, Scorpaeniformes) from the Blue Lick Run, Maryland, United States. It differs 
from its congeners mainly in the body length (male 3.1-5.4 mm, female 7.0-11.1 mm), the length of the male esophagus (1.5-2.9 mm) 
and spicule (42-45 /-lm), and the size of eggs (60-66 X 27-33 /-lm). Previous records of Freitascapillaria spp. were from characid, 
poeciliid, and cyprinid fishes in Brazil, Neotropica1 Mexico, and China, respectively, so that F laticauda n. sp. is the first species of this 
genus reported from Nearctic North America and from a scorpaeniform fish. 
During May and June 2006, several capillariid nematodes were 
collected from the intestine of the blue ridge sculpin, Cottus 
caeruleomentum Kinzinger, Raeshy and Neely (Cottidae: Scorpae-
niformes), from the Blue Lick Run, Maryland, United States. This 
fish species has recently been described (Kinzinger et aI., 2000) and 
can be separated from the mottled sculpin, Cottus bairdii Girard, 
genetically and by a few minor morphologic characteristics. This 
fish species is distributed in several North American Atlantic 
drainages (Froese and Pauly, 2008). The only nematode parasite so 
far recorded from C. caeruleomentum is Rhabdochona cotti 
Gustafson, 1949 (Rhabdochonidae, Thelazioidea) (see Moravec 
and Muzzall, 2007). A closer examination of the recovered 
capillariids revealed that they belong to a new species of 
Freitascapillaria Moravec, 1982 and are described herein. 
MATERIALS AND METHODS 
A total of 31 Cottus ·caeruleomentum were collected by electrofishing 
from the Blue Lick Run, Maryland, United States. Sculpins were frozen 
immediately after capture for parasitological examination in the labora-
tory. The nematodes recovered were washed in physiological saline and 
then fixed in 70% ethanol. For light microscopy, the nematodes were 
cleared with glycerine. Drawings were made with the aid of a Zeiss 
drawing attachment (Carl Zeiss, Jena, Germany). All measurements are in 
micrometers, unless otherwise stated. The scientific names of fishes follow 
FishBase (Froese and Pauly, 2008). 
DESCRIPTION 
Freitascapillaria laticauda n. sp. 
(Fig. 1) 
General diagnosis: Small, filiform nematodes. Anterior end narrowed, 
rounded, with indistinct cephalic papillae. Cuticle thin, almost smooth. 
Two relatively narrow lateral bacillary bands extending along almost 
entire length of body. Esophagus with narrow and short anterior muscular 
portion and simple posterior stichosome composed of single row of 36-43 
stichocytes provided with large cell nuclei; stichocytes short to elongate, 
usually subdivided into 3-8 transverse annuli. Nerve ring encircling 
muscular esophagus approximately one-third posteriad, excretory pore 
not observed. Entire esophagus representing 36-71 % of body length. Two 
wing-like pseudocoelomatic glandular cells present at esophago-intestinal 
junction. Males smaller than females. 
Male (9 specimens; measurements of holotype in parentheses): Males 
smaller than females. Length of body 3.06-5.37 (3.48) mm, maximum 
width 42-66 (51). Lateral bacillary bands near end of stichosome 12-15 
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(12) wide. Length of entire esophagus 1.50-2.92 (1.65) mm (40-71 % [47%] 
of body length); of muscular esophagus 132-246 (165); of stichosome 
1.32-2.42 (1.79) mm; and of stichocytes 37-39 (39). Nerve ring 45-69 (63) 
from anterior extremity. Spicule short, poorly sclerotized, 42-45 (45) long 
and 6-9 (9) wide, difficult to observe. Eversible spicular sheath 
nonspinous. Seminal vesicle 111-255 (111) long, its posterior end 171-
300 (207) from posterior extremity. Posterior end of body rounded, 
conspicuously expanded in dorsoventral view, forming 2 rounded lateral 
lobes; width of body just anterior to these lobes 24-27 (27), at level of 
lobes 36-39 (36); length of expanded caudal part of body 21-24 (21). Two 
pairs (1 preanal and 1 postanal) of small papillae present. Cloacal aperture 
subterminal; length of tail 3 (3). 
Female (6 gravid specimens; measurements of allotype in parentheses, 
those of 6 nongravid specimens in square brackets): Length of body 7.03-
11.07 (8.96) [6.4217.41] mm, maximum width 60-90 (84) [57-87]. Lateral 
bacillary bands near end of stichosome 18-27 (24) [15-24] wide. Length of 
entire esophagus 3.17-4.00 (3.71) [2.69-3.87] mm, representing 36-55% 
(41%) [40-55%] of body length; of muscular esophagus 180-294 (261) 
[171-231]; of stichosome 2.91-3.82 (3.45) [2.48-3.65] mm; and of 
stichocytes 37-43 (38) [42] in number. Nerve ring 48-78 (66) [48-60] from 
anterior extremity. Vulva situated somewhat posterior to esophago-
intestinal junction, 45-180 (93) [90-138] from end of esophagus; vulval lips 
not elevated. Vagina short. Eggs oval, light-colored, nonembryonated, 
appearing in light microscope as 2-1ayered; inner layer hyaline, outer layer 
somewhat thicker, with fine superficial netlike sculpture; polar plugs not 
protruding. Size of eggs 60-69 X 27-33 (66-69 X 30-33) [-], thickness of 
their wall 3-4 (3-4); polar plugs 5-6 (6) long and 6 (6) wide. Eggs arranged 
in I file. Ovary single, extending posteriorly to region of rectum; latter 69-
75 (75) [60-78] long. Caudal end of body rounded, anus distinctly 
subterminal; length of tail 3-9 (9) [3-9]. 
Taxonomic summary 
Type host: Blue ridge sculpin, Cottus caeruleomentum (Cottidae, 
Scorpaeniformes ). 
Site of infection: Intestine. 
Type locality: Blue Lick Run (a creek) (39'60'24"N, 79'07' 15"W), 
Maryland, United States (collected in May and June 2006). 
Prevalence and mean intensity: 35%; 1.5 ± SO (maximum) 0.8 (3). 
Deposition of type specimens: Holotype, allotype, and paratypes in the 
Helminthological Collection of the Institute of Parasitology, BC ASCR, in 
Cesk6 Budejovice (catalogue no. N-904); paratypes in the U. S. National 
Parasite Collection, Beltsville, Maryland (USNPC 10 1158). 
Etymology: The specific name laticauda (latus = broad; cauda = tail) 
relates to the characteristic feature of this species, i.e., the conspicuously 
broad caudal end of the male. 
Remarks 
The general morphology of this species is in accordance with the 
diagjiiisis of Freitascapillaria Moravec, 1982 (see Moravec, 2001). This 
capillariid genus was erected by Moravec (1982) to accommodate 
Capillaria maxillosa Vaz and Pereira, 1934, a parasite of a characid fish 
in Brazil to which he had assigned Pseudo capillaria nuda Mendon<;a, 1963 
as a junior synonym. Both Vaz and Pereira (1934) and Mendon<;a (1963) 
emphasized the absence of a spicule in this Brazilian species; however, 
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Moravec's (1987) re-examination of the mounted type specimens of P. 
nuda (= F maxillosa) revealed the presence of a poorly sclerotized spicule 
in the male, similar to that in the specimens of F laticauda n. sp. 
Yu and Wang (1994) established a new capillariid genus, Neocapillaria 
Yu and Wang, 1994 with the type species N. phoxini Yu and Wang, 1994 
from a cyprinid, Phoxinus lagowskii variegatus Gunther, in China. 
Because it proved to be a junior homonym to Neocapillaria Moravec, 
1987, Moravec and Spratt (1998) proposed a new name, Sinocapillaria 
Moravec and Spratt, 1998, which they considered a synonym of 
Pseudocapillaria Freitas, 1959. However, a recent re-examination of 
the type specimens of Neocapillaria phoxini (see Moravec et ai., 2008) 
has shown that this species belongs to Freitascapillaria; consequently, 
Sino capillaria is a junior synonym of Freitascapillaria (not of Pseudo-
capillaria). 
Wang (1984) described Skrjabinocapillaria gigantea Wang, 1984 from 
Phoxinus lagowskii Dybowski in China, characterized by the alleged 
absence of a spicule and the presence of large lateral extensions on the 
male caudal end. However, a missing spicule is no longer considered 
characteristic of Skrjabinocapillaria Skarbilovich, 1946 (see Moravec, 
1982; Spratt, 1982; Mas-Coma and Esteban, 1985). The general 
morphology of S. gigantea indicates it is a species of Freitascapillaria 
(see Moravec, 2001). Furthermore, even though the body measurements of 
this species are considerably greater than those of F phoxini, the matching 
host species and geographical distribution of both species suggest their 
possible conspecificity. Another capillariid allegedly not having a spicule, 
one reported from a freshwater fish in China, is Skrjabinocapillaria 
elopichthydis Wang, 1982 from Elopichthys bambusa (Richardson) (see 
Wang, 1982); however, Moravec (1987) synonymized this species with 
Pseudo capillaria tomentosa (Dujardin, 1843), a widely distributed parasite 
mainly of cyprinids in the Holarctic. 
Mueller and Van Cleave (1932) described Hepaticola bakeri Mueller 
and Van Cleave, 1932 from the intestine of 3 species of fishes in the 
United States, i.e., Catostomus commersonii (Lacepede) (Catostomidae), 
Notemigonus crysoleucas (Mitchill) (Cyprinidae), and Coregonus artedi 
Lesueur (Salmonidae); because the authors did not observe a spicule, 
they placed this species in Hepaticola Hall, 1916, a junior synonym of 
Calodium Dujardin, 1845, in the present classification system of 
capillariids (Moravec, 1982, 2001). The illustrated caudal end of male 
H. bakeri (Fig. 25) somewhat resembles that in Freitascapillaria spp. 
Freitas (1959) designated H. bakeri as the type species of his newly 
erected Pseudocapillaria Freitas, 1959. However, while revising capillar-
iids from North American freshwater fishes, Bell and Beverley-Burton 
(1981) examined the syntypes of H. bakeri and found a spicule in the 
only available male (from C. commersonii). Also, because of other 
problems with this species, they designated Hepaticola bakeri a nomen 
dubium. 
Later, Moravec (1987) also studied the syntypes of H. bakeri from all 3 
host species, and he found that these materials include only young females 
and juvenile males which probably belong to 2 different species, i.e., 
Pseudo capillaria salvelini (Polyansky, 1952) from C. artedi and Pseudocap-
illaria tomentosa (Dujardin, 1843) (syn. Capillaria catostomi Pearse, 1924) 
from C. commersonii and N. crysoleucas. He determined a lectotype (a 
specimen from C. commersonii) and synonymized H. hakeri with P. 
tomentosa, which thus became the type species of Pseudocapillaria. A new 
species of Freitascapillaria, F moraveci Caspeta-Mandujano, Salgado-
Maldonado and Vazquez, 2009, has recently been described from the 
poeciliid Heterandria bimaculata (Heckel) in the State of Veracruz, 
southern Mexico (Caspeta-Mandujano et ai., 2009). 
Species of Freitascapillaria differ from representatives of other 
capillariid genera parasitizing fishes mainly in having a single row of 
stichocytes, a nonspiny spicular sheath, a poorly sclerotized, hardly visible 
spicule, and a distinctly laterally expanded male caudal end without a 
membranous bursa (Moravec, 2001). Freitascapillaria includes 4 species: 
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F gigantea, F maxillosa, F moraveci, and F. phoxini. The first species 
differs from F laticauda n. sp. in having a much longer body (male 8.2-
8.8 mm and female 17.8-20.8 mm vs. 3.1-5.4 mm and 7.0--11.1 mm) and 
distinctly smaller eggs (54-58 X 20-22!lm vs. 60-66 X 27-33 !lm); the 
second species differs in having a distinctly longer male body (9.5-
10.4 mm vs. 3.1-5.4 mm) and esophagus (6.0-6.6 mm vs. 1.5-2.9 mm); 
the third species differs in a distinctly longer spicule (125-145 !lm vs. 42-
45 !lm), less numerous stichocytes (30-36 vs. 37-43), and a shorter female 
esophagus (2.02-2.93 mm vs. 3.17-4.00 mm) that represents 21-26% (vs. 
36-55%) of the whole body length; and the fourth species differs mainly in 
the spicule length (72-100 !lm vs. 42-45 !lm). Whereas F gigantea and F 
phoxini occur in Cypriniformes in China, and F maxillosa and F moraveci 
in Characiformes and Cyprinodontiformes in Neotropical Brazil and 
southern Mexico, F laticauda n. sp. is a parasite of freshwater 
Scorpaeniformes in Nearctic North America. 
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TWO NEW SPECIES OF EIMERIA (APICOMPLEXA: EIMERIIDAE) FROM EASTERN RED 
BATS, LASIURUS BOREALIS (CHIROPTERA: VESPERTILIONIDAE), IN ARKANSAS AND 
NORTH CAROLINA 
Chris T. McAllister and Steve J. Upton* 
RapidWrite, 102 Brown Street, Hot Springs National Park, Arkansas 71913. e-mail: drctmcallister@aol.com 
ABSTRACT: During August 2003 and August 2004, 11 adult eastern red bats, Lasiurus borealis, were collected and their feces examined 
for coccidian parasites. Bats were obtained in August 2003 from Garland, Montgomery, and Yell counties, Arkansas (n = 6) and in 
August 2004 from Anson and Montgomery counties, North Carolina (n = 5). Seven (63.6%) of the bats were passing oocysts of 2 
undescribed species of Eimeria. Oocysts of Eimeria dowleri n. sp, were subspherical to ellipsoidal, 24,7 X 22.0 (23-26 X 20-23) J.Illl, 
with a bilayered wall, externally moderately pitted, internally smooth, and with a shape index of 1.1. Micropyle and oocyst residuum 
were absent, but a polar granule was present. Sporocysts were ovoidal, 13.4 X 9.2 (12-14 X 8-9) J.Illl; shape index was 1.5; Stieda and 
sub-Stieda bodies were present. A sporocyst residuum consisting of homogeneous granules was scattered among the sporozoites; 
sporozoites were elongate, with a subspherical anterior refractile body and an elongate posterior refractile body; a nucleus was not 
discernable, Oocysts of Eimeria sealanderi n. sp, were subspherical to ellipsoidal, 16,7 X 14.4 (15-18 X 13-16) /lm, with a bilayered 
wall, externally lightly pitted, internally smooth, and with a shape index of 1.2. A micropyle was absent, but the oocyst residuum and 
polar granule were present. Oocyst residuum consisted of a single, membrane-bound homogenous granule. Sporocysts were ovoidal, 
8.9 X 5.7 (8-10 X 5-6) J.Illl, with a shape index of 1.6; Stieda and sub-Stieda bodies were present. The sporocyst residuum consisted of 
10, to several dozen, homogeneous granules of various sizes loosely clustered among the sporozoites, which were elongate and without 
obvious refractile bodies and nucleus. This is the first time any coccidian has been reported from this host and the first instance of a bat 
coccidian reported from North Carolina. 
Despite being the second largest group of mammals, next to 
rodents, very little is known about the coccidia of bats (Chirop-
tera). Duszynski (2002) provided a taxonomic summary on the 
coccidian parasites of bats of the world, Of the 31 named species of 
Eimeria known from the Chiroptera, only 9 (29%) have been 
described from North America, Duszynski (2002) further suggested 
that there are at least 1,800 more species, or about 1.6% of the total 
species, of coccidia yet to be discovered from 925 bat species. When 
various regions of the United States are compared, coccidians have 
been reported from only 7 states, i.e., 1 species each in Alabama, 
South Carolina, and Texas, 2 species each in Arkansas., California, 
and Wyoming, and 6 species in New Mexico (Duszynski, 2002; 
Seville and Gruver, 2004; McAllister et aI., 2007). 
In Arkansas, McAllister et aI. (2001, 2004) reported Eimeria 
macyi Wheat, 1975 from 2 of 5 (20%) eastern pipistrelles, 
Pipistrellus subflavus, and Eimeria catronensis Scott and Dus-
zynski, 1997 from 4 of20 (20%) northern long-eared bats, Myotis 
septentrionalis, respectively, More recently, McAllister et aI. 
(2007) reported Eimeria antrozoi from the pallid bat, Antrozous 
pallidus, in southwestern Texas. To our knowledge, no coccidia 
have ever been reported in bats from North Carolina. Here, we 
provide descriptions of 2 new species of Eimeria from eastern red 
bats, Lasiurus borealis, from Arkansas and North Carolina, 
MATERIALS AND METHODS 
During August 2003 and 2004, 11 adult L. borealis were collected using 
standard 3 X 6--12-m nylon mist nets with a mesh size of 2.5 em set over 
watercourses or partially open trails in deciduous forest. These bats were 
taken from various sites in Garland, Montgomery, and Yell counties, 
Arkansas (n = 6) and from the Pee Dee National Wildlife Refuge (n = 2) 
and the Uwharrie National Forest near Ophir (n = 3) in Anson and 
Montgomery counties, North Carolina. 
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For comparative purposes, 6 others, including 2 big brown bats, 
(Eptesicus Juscus), 2 M. septentrionalis, 1 evening bat (Nycticeius 
humeralis), and 1 P. subflavus were also collected from Montgomery 
County, Arkansas and examined for coccidia. Immediately upon capture, 
bats were placed in individual, aerated plastic containers and allowed to 
defecate. Following defecation, select bats were sexed, measured, and 
banded, DNA samples were taken via wing punch, and bats were released. 
Other bats were kept as voucher specimens and killed with an overdose of 
sodium pentobarbital (Nembutal®, Eli Lilly, North Chicago, Illinois); 
additional feces were collected directly from the rectal contents of those 
bats. Feces were placed in individual vials containing 2,5% (w/v) 
potassium dichromate (K2Cr207) and examined for coccidian, within 5 
days, by flotation in Sheather's sugar solution (sp. gr. 1.20). Positive 
samples were allowed to complete sporulation at room temperature (23 C), 
for 5 days, in Petri dishes containing a shallow layer of 2.5% K2Cr207' 
Sporulated oocysts were again isolated by flotation (as above), and 
measurements were taken on 25 oocysts using a calibrated ocular 
micrometer and reported in micrometers (/lm), with means followed by 
the ranges in parentheses; photographs were taken using Nomarski 
interference-contrast optics. Oocysts were 75-days-old when measured and 
photographed. Descriptions of oocysts and sporocysts follow guidelines of 
Wilber et aL (1998) as follows: oocyst length (L) and width (W), their 
ranges and ratios (L/W), micropyle (M), oocyst residuum (OR), polar 
granules (PG), sporocyst length (L) and width (W), their ranges and ratio 
(L/W), Stieda body (SB), sub-Stieda body (SSB), para-Stieda body (PSB), 
sporocyst residuum (SR), sporozoites (SP), refractile bodies (RB), and 
nucleus (N). Photovouchers of sporulated oocysts were accessioned into 
the Harold W. Manter Laboratory of Parasitology (HWML), Lincoln, 
Nebraska. Voucher specimens of bats are deposited in the Arkansas State 
University Museum of Zoology (ASUMZ), Jonesboro, Arkansas. 
RESULTS 
Seven (63.6%) of the L. borealis were passing oocysts of 2 
undescribed species of Eimeria. Three of 6 (50%) of these L. 
borealis were from a site in Yell County, Arkansas, and 4 of 5 
(80%) L. borealis were from a site in Montgomery (2/2, 100%) and 
AnsOl'f (2/3, 67%) counties, North Carolina. Four bats (36.4%) 
were negative, including 2 from Garland and 1 from Montgomery 
counties, Arkansas and 1 from Anson County, North Carolina. 
None of the other 6 bats belonging to other taxa from 
Montgomery County, Arkansas, was found to be passing oocysts. 
992 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.4, AUGUST 2009 
FIGURES 1-4. Nomarski interference-contrast photomicrographs of oocysts of Eimeria dowleri n. sp. and E. sealanderi n. sp. (1-2) Eimeria dowleri n. 
sp. showing polar granule (PG), Stieda body (SB), and rough outer oocyst wall (OW). Bar = 10 ~m. (3-4) Eimeria sealanderi n. sp. showing oocyst 
residuum (OR), polar body (PB), sporocyst residuum (SR), and Stieda body (SB). Bar = 10 ~m . 
DESCRIPTIONS 
Eimeria dowleri n. sp. 
(Figs. 1- 2, 5) 
Diagnosis: Oocyst shape subspherical to ellipsoidal; bilayered wall, 
- 1.5- 2.0 thick, outer layer - 1.0- 1.5 thick, moderately pitted externally, 
inner layer - 0.5 thick and smooth; L X W 24.7 X 22.0 (23-26 X 20- 23); 
LlW 1.J (1.0- 1.2). M and OR absent. PG present, usually fragmented and 
irregular in shape, pieces of which lie scattered among sporocysts. 
Sporocysts ovoidal, Lx W 13.4 X 9.2 (12- 14 X 8-9); LfW 1.5 (1.4-1.6); 
wall single-layered and smooth, - 0.5 thick; SB and SSB present, PSB 
absent; SB L X W 0.8- 1.0 X 1.8- 2.8; SSB Lx W - 1.0---1.8 X 1.5- 3.0; SR 
present as homogeneous granules scattered among sporocysts. SP (n = 0) 
elongate, L X W 17.6 X 3.3 (16.8- 19.2 X 3.0- 3.4), lying head-to-tail 
within sporocyst and reflexed back along poles of sporocysts. Anterior RB 
(n = 10) subspherical, L X W 3.5 X 2.9 (3.2-4.0 X 2.4-3.2); posterior RB 
(n = 10) elongate, L X W 6.5 X 3.0 (4.8- 7.2 X 2.8- 3.2). N not readily 
discernable. 
Taxonomic summary 
Type host: Lasiurus borealis (Muller, 1776), eastern red bat (Chiroptera: 
Vespertilionidae), adult male (ZDR #8) collected on 5 August 2003 by C. 
T. McAllister. Symbiotype deposited as ASUMZ 30001. 
Type specimens: Photosyntypes deposited as HWML 45799. 
Type locality: USA: Arkansas, Yell County, Ouachita National Forest, 
vic. Bluffton, off county road 2 (34°54.1 'N, 93°35.3'W, elev. 132.3 m). 
Other localities: USA: North Carolina, Anson County, Pee Dee 
National Wildlife Refuge, off of county road 1634 (34°55.3'N, 
79°53.2'N, elev. 80 m); Montgomery County, Uwharrie National Forest, 
vic. Ophir, off county road 1303 (35°22.4'N, 79°54.3'W, elev. 190 m). 
Prevalence: Found in 6 of II (54.5%) of the bats examined; 2/3 (67%) 
Yell County, Arkansas; 2/3 (67%) Anson County, North Carolina, and 2/2 
(100%) Montgomery County, North Carolina. 
Sporulation: Exogenous. All oocysts were passed unsporulated, or 
partially sporulated, and became fully sporulated within 5 days at - 23 C. 
Prepatent and patent periods: Unknown. 
Site oJinJection: Unknown. Oocysts were recovered from rectal contents 
and feces. 
Etymology: The specific epithet is given in honor of Robert 
C. Dowler, Tippett Professor of Biology and Curator of Mammals-
Angelo State Natural History Collection, Angelo State University, San 
Angelo, Texas, in recognition of his numerous contributions to our 
understanding of the natural history and ecology of southwestern 
mammals. 
Remarks 
Sporulated oocysts of E. dowleri resemble those of several other 
eimerians from bats described by Wheat (1975), Duszynski and Barkley 
(1985), and Duszynski et al. (1988) that are similar in size and shape and 
have a rough outer wall. Our form is distinguished from E. macyi by 
having considerably larger oocysts (25 X 22 vs. 19 X 18); from Eimeria 
tadarida by having oocysts that are more spherical (L:W = 1.1) versus 
subspherical (L: W = 1.3) and by sporocysts with a very distinct Stieda and 
sub-Stieda body; and from Eimeria tomopea by having smaller sporulated 
oocysts (25 X 22 vs. 31 X 25) and by lacking an OR, which E. tomopea 
possesses. Finally, it also differs from an Eimeria sp. (considered a species 
inquirendae) reported by Duszynski et al. (1988) from 2/22 (9%) hoary 
bats, Lasiurus cinereus, in New Mexico and Baja California Norte, 
Mexico: The form we name E. dowleri, although found in the same host 
genus, differs from the Eimeria sp. by having smaller oocysts (25 X 22 vs. 
28 X 25). 
Eimeria sealanderi n. sp. 
(Figs. 3-4, 6) 
Diagnosis: Oocyst shape subspherical to ellipsoidal. Bilayered wall , - 1.5 
thick, outer layer - 0.5 thick, lightly pitted externally, inner layer - 1.0 
thick and smooth; L X W 16.7 X 14.4 (15- 18 X 13- 16); LfW 1.2 (1.1- 1.3). 
M absent. OR and PG present; OR consisting as single membrane-bound 
homogeneous globule, 2.5-4.0 in diameter; PG - 2.0---3.5 X 1.0- 2.5. 
Sporocysts ovoidal, Lx W 8.9 X 5.7 (8- 10 X 5- 6); LfW 1.6; wall single-
layered and smooth, - 0.5 thick; SB and SSB present, PSB absent; SB 
consisting only as projection of SP wall at I pole, 1.2-2.0 wide; SSB L X 
W - 0.8- 1.0 X 1.5- 2.0; SR consisting of 10, to several dozen, 
homogeneous granules of various sizes loosely clustered among SP. SP 
(n = 15) elongate, reflexed back along poles of sporocysts, difficult to 
discern, without obvious RB. N not discernable. 
Taxonomic summary 
Type host: Lasiurus borealis (Muller, 1776), eastern red bat (Chiroptera: 
Vespertilionidae), adult male (ZDR #8) collected on 5 August 2003 by C. 
T. McAllister. Symbiotype deposited as ASUMZ 30001. 
Type specimens: Photosyntypes deposited as HWML 45800. 
Type locality: USA: Arkansas, Yell County, Ouachita National Forest, 
vic. Bluffton, off county road 2 (34°54.1 'N, 93°35.3'W, elev. 132.3 m). 
Prevalence: Found in 2 of 11 (18.2%) of the bats examined; 2/3 (67%) 
Yell County, Arkansas. None of the bats from North Carolina harbored 
this eimerian. 
Sporulation: Exogenous. All oocysts were passed un sporulated, or 
partially sporulated, and became fully sporulated within 5 days at - 23 C. 
Prepatent and patent periods: Unknown. 
Site of infection: Unknown. Oocysts were recovered from rectal contents 
and feces. 
Etymology: The specific epithet is given in honor of John A. Sealander 
(1917- 2003), late Professor Emeritus of Biology, University of Arkansas, 
Fayetteville, Arkansas, in recognition of his numerous contributions to 
our understanding of the natural history and ecology of Arkansas 
mammals. 
Remarks 
Sporulated oocysts of E. sealanderi resemble those of 2 other eimerians 
from bats described by Scott and Duszynski (1997) and Duszynski et al. 
(1999) that are similar in size and shape and that share other 
morphological similarities. Our form is distinguished from Eimeria 
pilarensis by having oocysts that are slightly larger (16.7 X 14.4 vs . 15.0 
X 14.1), an oocyst wall that is thicker and lightly pitted externally versus 
smo~l1h and thin-walled in E. pilarensis), and by possession of an oocyst 
residuum which is absent in E. pilarensis; and from Eimeria nigricani by 
having smaller oocysts (16.7 X 14.4 vs. 18.9 X 16.9), an oocyst residuum 
that is membrane-bound in a single homogenous globule rather than 
dispersed throughout the oocyst as in E. nigricani, and by having smaller 
sporocysts (8.9 X 5.7 vs. 10.1 X 7.4). 
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FIGURE 5. Composite line drawing of an oocyst of Eimeria dowleri n. sp. Bar = 10 IJ.m. FIGURE 6. Composite line drawing of an oocyst of Eimeria 
sealanderi n. sp. Bar = 10 IJ.m. 
DISCUSSION 
Although numerous ectoparasites and helminths have been 
previously reported in L. borealis, from various parts of its range 
(Shump and Shump, 1982; Hilton and Best, 2000; Whitaker et aI., 
2007), this is the first time coccidia have been reported from 
eastern red bats and from the state of North Carolina. 
Furthermore, the present study adds to our growing knowledge 
of the parasites of Arkansas bats (McAllister et al.:2001, 2004, 
2005), although many species still remain to be surveyed. 
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A NEW SPECIES OF TETRAPHYLLIDEAN (CESTODA) FROM THE LARGESPOT RIVER 
STINGRAY, POTAMOTRYGON FALKNERI (POTAMOTRYGONIDAE: CHONDRICHTHYES), 
FROM THE PARANA BASIN 
Adriana Menoret* and Veronica A. Ivanov*t 
Laboratorio de Helmintologfa, Departamento de Biodiversidad y Biologfa Experimental, Facultad de Ciencias Exactas y Naturales, Universidad de 
Buenos Aires. Ciudad Universitaria, Pabellon II, piso 4, Lab. 52, C1428EHA, Buenos Aires, Argentina. e-mail: ivanov@bg.fcen.uba.ar 
ABSTRACT: Rhinebothrium paranaensis n. sp. (Tetraphyllidea: Cestoda) is described from the freshwater stingray Potamotrygon 
falkneri collected in the Colastine River, a tributary to the Lower Parana River in Argentina. The specimens were studied in detail 
using light and scanning electron microscopy and histology. Rhinebothrium paranaensis can be distinguished from all valid species in 
the genus using the following combination of characters: worm length, number of proglottids, diamond-shaped bothridia lacking 
constriction, number of loculi on the distal surface of bothridium, and the lack of vaginal sphincter and external seminal vesicle, 
Whereas most rays and stingrays inhabit marine environments, 
members of the Potamotrygonidae are restricted to freshwater in 
the Neotropical region (Carvalho et aI., 2003; Froese and Pauly, 
2008). This family includes 2 monotypic genera, i.e" Plesiotrygon 
Rosa, Castello and Thorson, 1987 and Paratrygon Dumeril, 1865, 
and the genus Potamotrygon Garman, 1877 with its 18 valid 
species (Froese and Pauly, 2008), Among the species of 
Potamotrygon that have been reported from the Parana Basin, 
Potamotrygon motoro (Muller and Henle, 1841), Potamotrygon 
brachyura (Gunther, 1880), and Potamotrygonfalkneri Castex and 
Maciel, 1963 are the most frequently captured in the Lower 
Parana River in Argentina. Potamotrygonids are hosts of an 
interesting assemblage of cestodes which includes representatives 
of genera that are restricted to freshwater (viz, Potamotrygono-
cestus Brooks and Thorson, 1976, Rhinebothroides Mayes, Brooks 
and Thorson, 1981, and Nandocestus Reyda, 2008) and genera 
with marine and freshwater species (viz. Paroncomegas Campbell, 
Marques and Ivanov, 19<)9, Acanthobothrium van Beneden, 1849, 
Anindobothrium Marques, Brooks and Lasso, 2001, and Rhinebo-
thrium Linton, 1890).-
During a survey of parasites from stingrays in the Lower 
Parana River, a species of Rhinebothrium with a particular 
combination of characters was recovered from P. falkneri. In the 
present study, specimens of this new cestode are described in 
detail using light and scanning electron microscopy and histology. 
MATERIALS AND METHODS 
Cestodes were recovered from the spiral intestine of 8 specimens of P. 
falkneri caught during 1999-2005 in the Colastine River, a tributary of the 
Lower Parana River in Santa Fe Province, Argentina (31 °40'S, 600 46'W). 
The worms were fixed in 10% formalin and transferred to 70% ethanol. 
Specimens of a single species of Rhinebothrium were found on individual 
hosts; therefore, detached gravid proglottids were unequivocally identi-
fied. Specimens prepared for light microscopy were hydrated in a graded 
ethanol series, stained with Harris' hematoxylin, dehydrated in a graded 
ethanol series, cleared in methyl salicylate, and mounted in Canada 
balsam. Specimens prepared for scanning electron microscopy (SEM) 
were hydrated in a graded ethanol series, post-fixed in I % osmium 
tetroxide overnight at room temperature, dehydrated in a graded ethanol 
series, and dried using hexamethyldisilazane. Finally, the specimens were 
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mounted on stubs with carbon tape, coated with -40 nm of gold-
palladium in a Thermo Vg Scientific Polaron SC 7630 (Quorum 
Technologies, Ltd., East Grinstead, West Sussex, England) and examined 
in a Philips XL 30 scanning electron microscope (Fei Company, 
Eindhoven, Noord-Bravant, Netherlands). A mature proglottid was 
embedded in paraffin, and cross-serial sections were cut at a thickness 
of 8 1J.lIl. Sections were stained with Harris' hematoxylin, counterstained 
with eosin, and mounted in Canada balsam. In several specimens, I of the 
bothridia was removed from the scolex and temporarily mounted with 
glycerin to observe the number and position of septa and loculi on the 
distal bothridial surface. Eggs were obtained from detached gravid 
proglottids and prepared as temporary mounts using distilled water. 
Sections, and whole and temporary mounts, were observed and measured 
in a Zeiss Axioskop microscope (Carl Zeiss Group, Jena, Thuringia, 
Germany). Drawings were made with the aid of a drawing tube. 
Measurements include the range, followed in parentheses by the mean, 
standard deviation, number of worms examined (n), and the total 
number of observations when more than I measurement per worm was 
taken (n). All measurements are in micrometers, unless otherwise stated. 
Holotype and paratypes were deposited at the Colecci6n Parasitol6gica, 
Museo Argentino de Ciencias Naturales, Buenos Aires, Argentina 
(MACN-Pa). 
DESCRIPTION 
Rhinebothrium paranaensis n. sp. 
(Figs. 1-19) 
Diagnosis (based on 10 complete mature specimens, cross sections of a 
mature proglottid, 4 detached gravid proglottids, and 2 specimens prepared 
for SEM): Worms euapolytic, 47.8-77.9 (60 ± 9.1, n = 10) mm long; 
greatest width at level of scolex, 0.9-1.4 (1.2 ± 0.2, n = 10) mm; 
proglottids craspedote, 800-1,014 (902 ± 74, n = 10) per worm (Fig. I). 
Scolex 0.9-1.4 (1.1 ± 0.1, n = 10) mm long, composed of 4 stalked, 
facially loculate bothridia; apical organ absent (Figs. 2, 10). Bothridia 
diamond shaped, 670-1,020 (764 ± 82, n = 11, n = 15) long, 475-690 (548 
± 60, n = II, n = 19) wide. Distal bothridial surface divided by a median 
longitudinal septum and 33-35 (34 ± I, n = 5, n = 9) transverse septa, 
delimiting 2 columns of 32-34 (33 ± I, n = 5, n = 9) loculi per column and 
anterior single loculus, resulting in a total of 65-69 (67 ± 2, n = 5, n = 9) 
loculi per bothridium. Longitudinal septum extending from posterior 
margin of anteriormost loculus to posterior margin of bothridium. 
Anteriormost loculus single, 17-40 (31 ± 7, n = 6, n = 9) long; 2 
posteriormost loculi, 22-45 (36 ± 8', n = 6, n = 9) long (Fig. 3). Proximal 
bothridial surface covered by conical microtriches, 1.49-1.69 long, 0.26-
0.32 wide at base, 4-5 microtriches/1J.lIl2, interspersed with short filiform 
(pointed tip) microtriches, 0.18...{).23 long, 0.14-0.15 wide at base, 5-6 
microtriches/1J.lIl2 (Figs. 11, 12, 19). Distal bothridial surface covered by 
long filiform (pointed tip) microtriches, 0.65...{).81 long, 0.12-0.14 wide at 
base, ~14 microtriches/1J.lIl2, interspersed with short filiform (rounded tip) 
microtriches, 0.12...{).13 long, 0.11...{).13 wide at base, approximately 14-22 
microtriches/~m2 (Figs. 13, 18). Bothridial stalks 200-335 (239 ± 37, n = 
9, n = 23) long, attached to middle of bothridium, covered by small 
bladeIike microtriches, 0.24-0.52 long, 0.09...{).23 wide at base, approxi-
mately 20-24 microtriches/1J.lIl2 (Fig. 16). Cephalic peduncle 190-310 (230 
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FIGURES 1-5. Rhinebothrium paranaensis n. sp. (1) Entire worm. Bar = I mm. (2) Scolex. Bar = 200 ~m. (3) Detail of distal surface of bothridium. 
Bar = 100 ~m. (4) Detached gravid proglottid. Bar = 200 ~m. (5) Egg. Bar = lC4Mn. 
± 39, n = 7) long, 150-580 (239 ± 173, n = 7) wide, covered by small 
bladelike microtriches, 0.09-0.14 long, 0.09-0.12 wide at base, approxi-
mately 58-62 microtriches/~m2 (Fig. IS). Mature proglottids covered with 
filiform microtriches of 2 different sizes, 0.24-0.31 long, 0.13-0.17 wide at 
base, 8-12 microtriches/~m2, and 0.15-0.20 long, 0.11-0.13 wide at base, 
26-33 microtriches/~m2 (Fig. 14). 
Immature proglottids wider than long, 774-985 (866 ± 78, n = 10) in 
number (Fig. I). Mature proglottids, 23-60 (36 ± 12, n = 10, n = 10) in 
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FIGURES 6-9. Rhinebothrium paranaensis n. sp. (6) Ventral view of mature proglottid. Bar = 50 11m. (7-9) Cross sections of mature proglottid. Bar = 
50 11m. (7) At level of testes. (8) At level of cirrus sac. (9) At level of ovarian isthmus. Abbreviations: cs, cirrus sac; dod, dorsal osmoregulatory duct; gp, 
genital pore; ov, ovary; ovd, oviduct; t, testis; u, uterus; vd, vas deferens; vf, vitteline follicle; vg, vagina; vod, ventral osmoregulatory duct. 
number. Mature proglottids (excluding terminal proglottid) wider than 
long to longer than wide (Fig. 17), 157-415 (271 ± 65, n = 10, n := 44) 
long, 240-520 (348 ± 93, n = 10, n = 44) wide (velum not included in 
proglottid length); length-to-width ratio 0.4-1.7 (0.9 ± 0.4, n = 10, n = 
44):1; velum 50-130 (82 ± 22, n = 10, n = 55) long, covering 9-53% (29 ± 
13, n = 10, n = 40) of adjacent proglottid; marginal genital pores alternate 
irregularly, 44-71% (59 ± 6, n = 9, n = 36) from posterior margin of 
proglottid. Majority of terminal mature proglottids longer than wide, 203-
540 (420 ± 94, n = 10, n = 11) long, 230-440 (318 ± 76, n = 10, n = 1l) 
wide; length-to-width ratio 0.7-2.3 (1.4 ± 0.5, n = 10, n = 1l):I; genital 
pores 64-82% (71 ± 7, n = 9, n = 9) from posterior margin of proglottid. 
Testes oval, 4-8 (6 ± I, n = 10, n = 51) per proglottid, 30-100 (57 ± 15, 
n = 10, n = 110) long, 27-77 (48 ± 7, n = 10, n = 110) wide; distributed in 
2 irregular columns from anterior margin of proglottid to anterior margin 
of cirrus sac (Fig. 6), reaching anterior margin of apora1 ovarian lobe in 
some proglottids, 1 row deep in cross sections (Fig. 7). Cirrus sac 
pyriform, straight to slightly curved posteriorly, 100-208 (140 ± 24, n = 
10, n = 55) long, 62-140 (94 ± 15, n = 10, n = 55) wide, containing cirrus 
covered with short microtriches (Fig. 6). Vas deferens extending from 
posterior margin of cirrus sac to level of posterior 2-3 testes on dorsal side 
of proglottid, entering cirrus sac anteriorly, 15-35 (23 ± 6, n = 7, n = 29) 
maximum width. Vagina thick walled, opening anterior to cirrus in genital 
atrium, running along anterior margin of cirrus sac (Figs. 6, 8), 
descending posteriorly to ootype region. Genital atrium 40-92 (69 ± 15, 
n = 5, n = 22) deep. Ovary lobulated, H-shaped in dorsoventral view, X-
shaped in cross section at level of ovarian isthmus, pora11obe 53-190 (115 
± 34, n = 8, n = 47) long; apora11obe slightly longer than porallobe, 53-
207 (124 ± 39, n = 8, n = 47) long (Figs. 6,9), 165-240 (196 ± 23, n = 4, n 
= 16) maximum width. Vitelline follicles oval, 15-37 (23 ± 5, n = 9, n = 
74) long, 10-22 (15 ± 3, n = 9, n = 74) wide; distributed in columns of 1-3 
follicles deep at each side of proglottid (Figs. 6-9), interrupted dorsally on 
poral side at level of terminal genital ducts (Figs. 6, 8). Mehlis' gland 30-
60 (47 ± 8, n = 6, n = 18) in diameter. Dorsal osmoregulatory duct 2-7 (6 
± I, n = 8, n = 47) in diameter, ventral osmoregulatory duct 12-42 (26 ± 
7, n =i\o~, n = 30) in diameter. 
Detached gravid proglottids longer than wide, 1.22-1.72 (1.42 ± 0.2, n 
= 4) mm long, 0.38-0.52 (0.47 ± 0.07, n = 4) mm wide (Fig. 4); length-to-
width ratio 2.9-3.0 (2.8 ± 0.6, n = 4):1. Testes, vitelline follicles, and 
ovary degenerating in fully gravid proglottids. Uterus saccate, visible in 
mature proglottids; extending from anterior to posterior margin of 
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proglottid in fully gravid proglottids, Unembryonated eggs 20-22 (21 ± I, 
n = 12) in diameter (Fig. 5). 
Taxonomic summary 
Type host: Potamotrygon falkneri Castex and Maciel, 1963, largespot 
river stingray (Rajiformes, Potamotrygonidae), 
Site of infection: Spiral intestine. 
Type locality: Colastine River (tributary of Parana River), Santa Fe, 
Argentina (31 °40'S, 600 46'W). 
Prevalence of infection: 50% (4 of 8 host individuals sampled in this 
study). 
Specimens deposited: holotype and 5 paratypes, MACN-Pa no. 478/1-6 
(5 whole worms and I slide with a series of histological sections); 
additional specimens (whole mounts, histological sections, and specimens 
prepared for SEM) retained in junior author's personal collection. 
Etymology: This species is named after the type locality (Parana Basin), 
Remarks 
Healy (2006) recognized a total of 39 valid species of Rhinebothrium. 
Since then, R. copianullum Reyda, 2008 from a freshwater stingray from 
Peru has been added to the genus. Rhinebothrium paranaensis can be 
distinguished from all valid species in the genus by the following 
combination of characters: worm length (47.5-77.9 mm), number of 
proglottids (800-1,014), number of immature and mature proglottids 
(774--985 and 23-60, respectively), diamond-shaped bothridia lacking 
constriction, number of loculi on distal face of bothridium (65-69), and 
the lack of vaginal sphincter and external seminal vesicle. 
In particular, 29 of the species of Rhinebothrium considered valid by 
Healy (2006) are conspicuously smaller than R. paranaensis (less than 
30 mm of total worm length vs. 47.8-77.9 mm). The other 10 valid species 
of Rhinebothrium compare to R, paranaensis as follows: R, paranaensis can 
be distinguished from R. baeri Euzet, 1959, R, chilensis Euzet and 
Carvajal, 1973, R. chollaensis Friggens and Duszynski, 2005, R. gravidum 
Friggens and Duszynski, 2005, R, hawaiiensis Cornford, 1974, R, hui 
(Tseng, 1933), R. leiblei Euzet and Carvajal, 1973, R, monodi Euzet, 1954, 
and R. xiamenensis Yanhai and Wenchuan, 2001, in its possession of a 
much greater number ofproglottids (800-1,014 vs.less than 300). Whereas 
R. paranaensis has 65-69 loculi on the bothridial surface, R, ceylonicum 
Shipley and Hornell, 1906 was described as having bothridoia divided in a 
total of 42 loculi. 
Rhinebothrium paranaensis can be distinguished from the 2 species of 
Rhinebothrium previously described from potamotrygonids in the Neo-
tropical region, i.e" R. copianullum and R. paratrygoni Rego and Dias, 
1976, by a different combination of features. It has fewer loculi per 
bothridium (65-69 vs. 79-87) and lacks the conspicuous vaginal sphincter 
described in R. copianullum. In addition, the microtrich pattern does not 
follow the complicated distribution described by Reyda (2008) in R. 
copianullum. Even if both species possess similar types ofmicrotriches, i.e., 
filiform and bladelike---{;onical microtriches, in R. paranaensis each 
bothridium has the same combination of microtriches (in morphology 
and length) all along the surface, regardless of the underlying presence of 
loculi or septa. It is worth mentioning that the microtriches described by 
Reyda (2008) as "bladelike" might be identical to the conical microtriches 
observed in the present study. However, bladelike microtriches described 
in other taxa refer to microtriches that are somewhat flattened Cld'arska 
and Nebesarova, 1999), which is not the case for those observed on the 
bothridial surface of R. paranaensis. A frontal view of microtriches on 
proximal bothridial surface of R. paranaensis (Figs. 11, 12) clearly shows 
that the microtriches are rounded in section; "conical" more properly 
describes this type of microtriches (Ivanov, 2004). 
A comparison with R. paratrygoni is somewhat difficult due to the 
scarce information available on this species. Data provided in the original 
description is very brief and not enough for the distinction of species in 
Rhinebothrium. Reyda (2008) studied the type material of R. paratrygoni 
deposited at the Cole<;ao Helmintol6gica do Instituto Oswaldo Cruz (Rio 
de Janeiro, Brazil) and mentioned that the holotype consists of an 
immature specimen, and only the number of proglottids could be added to 
the original description by examination of the paratypes. Based on the 
existing data, R. paranaensis is larger than R. paratrygoni (47.8-77.9 mm 
vs. 23 mm in total length), has more proglottids (800-1,014 vs. 682), a 
larger scolex (900-1,400 vs. 870 wide), longer cephalic peduncle (190-310 
vs. 150 long), and a larger cirrus sac (62-140 vs. 46 wide). 
In the original description, Rego and Dias (1976) reported a species of 
Elipesurus Jardine, 1843 collected from the Salobra River, a tributary of 
the Parana River, as the type host of R. paratrygoni. Nevertheless, 
Elipesurus is considered a genus inquirendum (Carvalho et aI., 2003) and, 
based on their distribution, at least 6 species of stingrays could be the 
potential hosts for R. paratrygoni (Reyda, 2008). Therefore, the type host 
of R. paratrygoni is unknown, and collections of new specimens that 
would allow a proper redescription of the species are not feasible. Even if 
R. paratrygoni cannot be accurately identified, it has been paradoxically 
reported from several localities and several species of potamotrygonid 
hosts since its original description (Brooks et aI., 1981; Brooks and 
Amato, 1992; Marques, 2000). Thus, it was the only species of 
Rhinebothrium described from freshwater stingrays for more than 30 yr, 
was the most widespread species, and was the least host-specific species in 
the genus (Healy, 2006; Reyda, 2008). As suggested by Reyda (2008), it 
seems possible that some of the specimens that were reported as R. 
paratrygoni from different host species are not all conspecific. With the 
increase of sampling efforts of potamotrygonid hosts, the proper fixation 
of cestodes, and with detailed descriptions, several undoubtedly new 
species of tapeworms have been recently discovered in South America 
(Marques and Brooks, 2003; Marques et aI., 2003; Ivanov, 2004, 2005; 
Luchetti et aI., 2008; Reyda, 2008). This suggests that the cestode fauna of 
potamotrygonids is actually more diverse, and the species are more 
restricted in their distributions than previously reported. 
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REAL-TIME PCR/RFLP ASSAY TO DETECT GIARDIA INTESTINALIS GENOTYPES IN 
HUMAN ISOLATES WITH DIARRHEA IN EGYPT 
Moshira M. F. Helmy, Hisham S. Abdel-Fattah*, and Laila Rashedt 
Department of Parasitology, College of Medicine, Misr University for Science and Technology, AI-Motamayez District 6th of October Governorate, 
Egypt. e-mail: must@must.edu.eg 
ABSTRACT: Two major genotypic assemblages of Giardia intestinalis infect humans; the nested real-time polymerase chain reaction 
(PCR) was used for targeting the triose phosphate isomerase (tpi) gene to detect and genotype G. intestinalis in human feces in Egypt. 
Among 97 fecal samples, 30 (31 %) were diagnosed as giardiasis by saline wet mount microscopy after staining with Lugol's iodine, The 
tpi gene was amplified from 41 (42.3%) fecal samples, of which 11 were microscopy-negative specimens, Of the total samples, 24 
(58,5%) contained assemblage A group I, and 7 (17,1%) were assemblage A group II from the group of patients complaining of 
intermittent diarrhea. Eight (19,5%) samples contained assemblage B from patients with persistent diarrhea, Two (5%) samples had a 
mixture of assemblage A group II and assemblage B. The technique was able to detect as few as 20 trophozoites per PCR on fecal 
DNA-isolated, microscopy-negative, and quantitative (q)PCR-positive specimens; there was a higher average cycle threshold value 
than microscopy-positive and qPCR-positive specimens, suggesting that they represented true, low-burden infections, In conclusion, 
we could genotype G, intestinalis from fresh stool samples in Egypt; in infections commonly presented with intermittent diarrhea, the 
most prevalent genotype was assemblage A group I. The most vulnerable age group included 10- to 20-yr-old individuals, 
In developing countries of Asia, Africa, and Latin America, 
approximately 200 million people have symptomatic giardiasis 
(Thompson et aI., 2000; Yason and Rivera, 2007), Giardia intestinalis 
is the most prevalent cause of parasitic diarrhea in the developed 
world, and this infection is also very common in developing 
countries, Moreover, there is an association of Giardia species and 
strain assemblages with diarrhea/dysentery (Haque, 2007), 
In Egypt, Foronda et al. (2008) found that assemblage B was 
the most prevalent (80%) genotype, with another 15% of the 
positive samples belonging to assemblage E, and 5% to 
assemblage A. Transmission of the G. intestinalis cyst to humans 
occurs mainly after ingestion of contaminated water, autoinfec-
tion, and person-to-person contact. Clinical manifestations of 
symptomatic giardiasis include greasy stools, flatulence, diarrhea, 
abdominal cramps, epigastric tenderness, as well as steatorrhea 
accompanied by full-blown malabsorption syndroI1)e (Gardner 
and Hill, 2001). However, the majority of cases are asymptomatic 
or minimally symptomatic in immunocompetent individuals 
(Furness et aI., 2000). 
Species of Giardia can be distinguished on the basis of 
morphology, ultrastructural features, or the 16S rRNA sequence; 
there are at least 6 species, i.e., G. intestinalis (=lamblia), G. agilis, 
G. muris, G. ardeae, G. psittaci, and G. microti (Monis et aI., 
1999). Among the 6 species, G. intestinalis infects humans and 
numerous other mammals (Thompson et aI., 2000). Isolates of G. 
intestinalis are classified into 7 assemblages, based on the 
characterization of the glutamate dehydrogenase, small-subunit 
rRNA, and triosephosphate isomerase (tpi) genes (Hopkins et aI., 
1997; Monis et aI., 1999; Sulaiman et aI., 2003; Read et aI., 2004). 
Assemblage A isolates have been further placed into subgroups I 
and II. Assemblage B isolates have been separated into subgroups 
III and IV (Thompson et al., 1994; Monis et aI., 1999). Genetic 
assemblages C, D, E, F, and G seem to be restricted to domestic 
animals, livestock, and wild animals (Adam, 2001). 
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At present, antigen detection immunoassays for Giardia species 
are used as a diagnostic procedure (Zimmerman and Needham, 
1995; Garcia and Shimizu, 1997; Johnston et aI., 2003), but these 
methods are unable to differentiate between the genetic assem-
blages of G. intestinalis. However, molecular detection methods 
based on polymerase chain reaction (PCR) have been developed 
to detect G. intestinalis cysts in feces (Nash et aI., 1985). 
Moreover, these molecular techniques may allow for the 
genotyping of G. intestinalis cysts (McGlade et aI., 2003; Amar 
et aI., 2004; Aydin et aI., 2004). 
Although the genotypic separation of G. intestinalis assemblag-
es is relatively well established (Guy et aI., 2004), the clinical or 
epidemiologic significance of infection with assemblage A versus 
B is poorly understood (Cedillo-Rivera et aI., 2003). Recently, G. 
intestinalis strains have been characterized as group A (symp-
tomatic) and group B (asymptomatic) by advanced isoenzyme 
and molecular biology studies (Paintlia et aI., 1999). In contrast, a 
correlation between assemblage B and persistent diarrheal 
symptoms was observed in The Netherlands (Homan and Mank, 
2001). 
Most of the clinical samples belonging to assemblage A had 
genotype All, which is only associated with human infection, a 
result that is consistent with an anthroponotic origin of infection 
(Read et aI., 2002). Children with assemblage A isolates were 
found to be 26 times more likely to have diarrhea than those with 
assemblage B organisms. This raises the question of whether the 
G. intestinalis infectivity and pathogenicity vary in hosts of 
different ages, or whether there is an association of clinical 
symptoms, pathogenicity, or zoonotic potential with assemblage 
or genotype (Sackey et aI., 2003; Stuart et aI., 2003). Genotype-
specific PCR or PCR-restriction fragment length polymorphism 
(RFLP) has been performed by several investigators (Monis et aI., 
1996; Homan et aI., 1998; Amar et aI., 2002; Caccia et aI., 2002). 
Several real-time quantitative PCR (qPCR) assays for Giardia 
spp. have subsequently been published (Guy et aI., 2003; Verweij 
et aI., 2003, 2004; Bertrand et aI., 2004), plus 3 that are capable of 
genotyping (Amar et aI., 2003; MacKay et aI., 2003; Guy et aI., 
2004y,ltFinally, an assay using multiplex PCR and micro array 
hybridization has been developed, but it used only cultured 
trophozoites (Wang and Stenger, 2004). 
The aim of the present study was to determine the prevalence of 
giardiasis in humans in Egypt and to identify the genotypes that 
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TABLE I. Distribution of Giardia intestinalis positive cases, by sex and age, 
among 97 diarrheic patients, 
Study group (no. examined) 
Sex 
Male (52) 
Female (45) 
Age group 
0-10 (15) 
> 10-20 (32) 
>20-30 (28) 
>30-40 (10) 
>40-50 (8) 
>50 (4) 
Total (97) 
No. infected (%) 
30 (58) 
11 (24.4) 
5 (33.3) 
18 (56.3) 
12 (43) 
4 (40) 
2 (25) 
0(0) 
41 (42.3) 
main gastrointestinal manifestation (32 patients had intermittent 
type and 9 patients had persistent type). Abdominal pain was 
observed in 95% of patients. Other manifestations, such as 
flatulence (11/41; 26.8%), weight loss (4/41; 9.8%), anorexia and 
nausea (9/41; 22%), and fatigue (4/41; 9.8%), were reported; 
approximately 25% of the patients indicated more than I 
complaint. A correlation was observed between assemblages of 
G. intestinalis detected and the presence of diarrhea. Patients who 
had intermittent diarrhea (24141; 58.5%) had assemblage A group 
I, whereas 7/41 (17%) patients had assemblage A group II, and I 
patient had mixed assemblages A and B. This is a significant 
difference (P < 0.05) versus patients with persistent diarrhea, 
which was reported in 8/41 (19.5%) patients who had assemblage 
B, along with 1 patient who had both assemblages A and B. 
The RFLP fragments of the TPIALC-PCR product from 24 
fecal samples were identical to the G. intestinalis assemblage A 
group I sequence (L02120). Analysis of the products amplified 
from 7 fecal sample patterns were identical (referring to positive 
PCR/RFLP fragments analysis) to the G. intestinalis assemblage 
A group II sequence (U57897). TPIBLC-PCR products from 8 
fecal samples showed patterns identical to the G. intestinalis 
assemblage B sequence (L02116 and AF069561). The banding 
pattern confirmed that 2 DNA extracts contained both assem-
blages A group II and B and also confirmed the specificity of the 
PCR assays. 
For confirmation, 3 of the PCR products (2 from assemblage A 
and I from assemblage B) were sequenced and revealed complete 
identity to the published sequence (GenBank L02120 and 
U57897, respectively) and assemblage B (L02116 and 
AF069561). The TPILC-PCR assay demonstrated the tpi gene 
in 42.3 % of the samples (41 of 97), of which 30 were microscopy 
positive, and II were microscopy negative. There were delayed 
cycle threshold (CT) values versus the microscopy-positive and 
qPCR-positive specimens, suggesting that the microscopy-nega-
tive and qPCR-positive specimens represented true low-burden 
infections. 
The sensitivity of the assay using the QIAamp extraction 
method to detect G. intestinalis DNA in stool was :=;20 
trophozoites per reaction for assemblage A (CT = 37.4) and 
:=;200 trophozoites per reaction for assemblage B (CT = 35.0). 
These results suggest that the DNA yield was limited as opposed 
to PCR inhibition. Regarding the specificity of nested real-time 
PCR, our assay was first evaluated by primers to a BLAST test 
(http://www.ncbi.nlm.nih.gov/BLAST/). BLAST tests returned 
100% sequence matches with the A-rev primer. The specificity 
was then examined by performing PCR assays. The specificity of 
the assemblage A and B was tested on genomic DNA from G. 
intestinalis assemblages isolated from stool samples with up to 200 
assemblage A or B trophozoites per reaction. The predicted 
RFLP product (437; 15 bp) was obtained from assemblage A 
subtype I and assemblage A subtype II (235, 202; 15 bp) and 141 
bp for assemblage B. No amplification was detected by qPCR or 
gel electrophoresis on discordant stool samples. 
DISCUSSION 
In Egypt, epidemiological studies of patients with diarrhea 
(Zaki et aI., 1986) found G. intestinalis in 44% of the population 
studied in rural areas, whereas Shukry et al. (1986) reported a 
prevalence of 33% in Cairo residents. Curtale et al. (1998) and 
Fawzi et al. (2004) detected G. intestinalis in 24.7% of fecal 
samples in Behera Governorate and in 10.4% in EI-Prince 
(Alexandria), both in Egypt. Antibodies against G. intestinalis 
were reported by Azab et al. (1991) from Egyptian women, 
whereas Mahmud et al. (2001) found seropositivity to G. 
intestinalis in infants in Bilbeis. 
In the present study, we evaluated the distribution of major 
assemblages in sporadic human giardiasis in Egypt. Our 
observations revealed that the majority of giardiasis isolates were 
assemblage A genotype (31/41; 76%), corresponding to the 
findings of an Italian study that reported 80% assemblage A 
(Caccia et aI., 2002). In addition, intermittent diarrhea is the 
common presentation in 78% of positive G. intestinalis patients 
(31 patients had assemblage A, and 1 patient had mixed 
assemblage A and B), a significant result (P < 0.001) compared 
with other manifestations. Recently, it was reported that 
assemblage B was seen in patients with persistent diarrhea, 
whereas assemblage A was seen mostly in patients with 
intermittent diarrhea (Homan et aI., 2003); our results reflect this 
pattern. The present study also revealed that abdominal pain was 
a significant correlate (P < 0.0001) compared with other 
presenting symptoms. However, 25% of our patients had more 
than one complaint, but this was not significant (P > 0.05). 
In the present study, the significance of a predominant 
subgenotype (assemblage A) is unclear. Differences in the 
prevalence of assemblages A and B may be attributed to the 
geographic locations of the patients studied. It is tempting to 
conclude a common source of human infection was responsible 
for the wide occurrence of sub genotype assemblage A group I, 
i.e., contamination of public water with raw sewage from animal 
and human sources. It is also possible that subgenotype group I of 
assemblage A is more infectious to humans than other Giardia 
parasites. 
The sensitivity of the fully nested reaction was 0.5-5 copies of 
tpi in our work. Moreover, the assays used were quick, requiring 
only I hr 50 min for the LightCycler assay to be completed. In 
addition, nested real-time PCR is specific and discriminated 
bet"e'en G. intestinalis assemblages A and B. The assay consisted 
of an initial multiplexed block-based amplification, followed by 2 
separate real-time PCR assays specific for assemblages A and B 
using a LightCycler and SYBR Green I to identify PCR products 
by melting point analysis. 
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AZITHROMYCIN REDUCES OCULAR INFECTION DURING CONGENITAL TRANSMISSION 
OF TOXOPLASMOSIS IN THE CALOMYS CALLOSUS MODEL 
Carla D. Lopes, Neide M. Silva*, Eloisa A. V. Ferro*, Richard A. Sousa*, Marise L. Firminot, Emerson S. Bernardest, 
Maria C. Roque-Barreirat, and Janethe D. O. Pena:j: 
Ocular Immunology Laboratory, Institute of Biomedical Sciences, Universidade Federal de Uberlandia, Av. Para 1720, Uberlandia, MG, 
Brazil 38400-902. e-mail: janethe@umuarama.ufu.br 
ABSTRACT: Toxoplasma gondii is a widely distributed obligatory intracellular parasite that causes severe disease to the fetus when 
transmitted during pregnancy, Drugs used to avoid congenital transmission have shown side effects, and their efficacy is controversiaL 
The most widely used treatment for acute toxoplasmosis during pregnancy is pyrimethamine plus sulfadiazine, which has several side 
effects. In this work, we tested the efficacy of azithromycin in reducing congenital transmission of T gondii in the large vesper mouse, 
Calomys callosus, a rodent. Females of C. callosus were inoculated perorally with 20 cysts of ME49 strain of T gondii on the day of 
fertilization, and fetuses were collected from the 15th to the 19th day of gestation. Azithromycin (300 mg/kg), in association with 
pyrimethamine (100 or 50 mg/kg) plus sulfadiazine (100 or 75 mg/kg) and folinic acid (15 mg/kg) (SPAf), or vehicle, were administered 
orally on different days after infection, Brain and ocular tissues were removed and processed for immunohistochemistry using a 
polyclonal antibody against T gondii, or were processed for parasite DNA quantification, Toxoplasma gondii was detected in the 
brains of all females and in fetuses' eyes of C. callosus treated with SPAf, On the other hand, in females treated with azithromycin, 
there was a reduction of T gondii in the brains of mothers, and no parasites were detected in eyes of fetuses, indicating that 
azithromycin may represent an alternative treatment for toxoplasmosis during pregnancy, 
Toxoplasma gondii is an intracellular parasite that has a wide 
geographical distribution; it is usually asymptomatic (Remington 
et aI., 2001) except in immunocompromised individuals, in which 
there is severe disease, and in the fetuses of mothers infected 
during pregnancy, One of the most common consequences of 
congenital toxoplasmosis is ocular disease (Pavesio et aI., 1995), 
Children infected in utero may develop ocular disease during 
infancy or during their adult life (Lynm and Lightman, 2004), 
Uveitis and retinochoroiditis are the most common lesions, and 
both can bring partial or total loss of vision (Holland, 2003), A 
recent study from the European Multicentre Study on Congenital 
Toxoplasmosis (EMSCOT) reported that Brazilian children had a 
5X higher risk of developing eye lesions than did European 
children, During the first year of life, about 50% of !he children 
with congenital infection had ocular lesions and, by 4 yr of age, 21 
3 of Brazilian children infected with congenital toxoplasmosis had 
eye lesions, as compared with I in 6 children in Europe. It is 
suggested that these differences may be due to distinct parasite 
strains present in Brazil that are rare in Europe (Gilbert et aI., 
2008). 
Treatment protocols vary among different centers. The 
effectiveness of anti-T. gondii treatment is based on 2 criteria, 
i,e" the success of mother-to-child transmission and the preva-
lence and severity of sequelae (Montoya and Liesenfeld, 2004), 
Spiramycin is used to prevent placental infection in Asia and 
South America and in many European countries, especially 
France. In the United States, however, spiramycin is currently not 
approved by the U,S, Food and Drug Administration, Treatment 
with the combination of pyrimethamine and sulfadiazine to 
prevent fetal infection is contraindicated during the first trimester 
of pregnancy, due to concerns about teratogenicity (Montoya and 
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Liesenfield, 2004; Rorman et aI., 2006) and bone marrow toxicity 
for the mother and the fetus (Wallon et aI., 1999), However, this 
treatment has been used since the end of the 1950s (Johannessen 
et aI., 2005), but it is unclear whether antenatal treatment in 
women with presumed toxoplasmosis reduces the congenital 
transmission risk of T. gondii (Wall on et aI., 1999), 
Other treatments used in patients, when classical therapeutic 
strategies were contraindicated, have either failed or induced 
negative side effects (Labalette et aI., 2002), Azithromycin, a 
macrolide antibiotic, has a potent effect against T. gondii (Araujo 
et aI., 1988), The drug exhibits a prolonged inhibitory activity on 
the replication of intracellular tachyzoites in vitro (Chamberland 
et aI., 1991) and reduces the mortality of mice infected with a 
highly virulent strain of the parasite (Dergeli et aI., 2003), 
Azithromycin is also effective against bradyzoites in vitro, but 
long-term administration in chronically infected mice failed to 
reduce the mean number of brain cysts (Dero, 1995), Azithro-
mycin has shown efficacy in a murine model of toxoplasmic 
encephalitis (TE) (Lescano et aI., 2004) and has been used in the 
study of human toxoplasmic encephalitis in patients with AIDS, 
when combined with other drugs such as pyrimethamine and 
sulfadiazine, or both (Jacobson et aI., 2001), In spite of the 
efficacy in the treatment of toxoplasmosis in immunosuppressed 
individuals, little is known about the role of azithromycin during 
the congenital infection, 
Calomys callosus, the large vesper mouse, is a widely distributed 
cricetid rodent in Central Brazil (Borges et aI., 1992), It is 
susceptible to several infectious diseases, including toxoplasmosis 
(Favoreto-Junior et aI., 1998; Ferro et aI., 2002), and is a suitable 
experimental model with which to study the dynamics of congenital 
toxoplasmosis in both RH and ME-49 strains of T. gondii (Ferro et 
aI., 1999, 2002). In immunocompetent adult rodents, it was 
reported that ocular toxoplasmosis occurs during acquired, and 
congenital, infection with the ME49 strain and causes destruction 
of retinal tissues (Pereira et aI., 1999), Several new studies suggest 
that t+J.t evidence is insufficient to confirm that the treatment of 
mothers who seroconvert during pregnancy prevents fetal infection 
and improves infant outcomes (Wall on et aI., 1999; Gras et aI., 
2001; Lynm and Lightman, 2004). However, another work has 
produced the opposite results (Rorman et aI., 2006), 
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In the present study, we aimed to compare the effectiveness of 
pyrimethamine plus sulfadiazine and folinic acid, against azith-
romycin alone, in preventing the congenital ocular toxoplasmosis 
in the Calomys callosus model. 
MATERIALS AND METHODS 
Animals 
Calomys callosus of the Canabrava strain were obtained from a resident 
colony housed at the Universidade Federal de UberHindia, Brazil. The 
animals were kept under clean conditions on a 12:12-hr light dark cycle, in 
a temperature-controlled room (25 C ± 2 C), with food and water ad 
libitum. Three- to 4-mo-old virgin females, seronegative for T. gondii, were 
mated overnight and checked daily for the presenc(;: of a vaginal plug. The 
day on which this sign was found was designated as the first day of 
pregnancy (dop). All procedures were conducted according to institutional 
guidelines for ethics in animal research. 
Parasites 
Cysts of T. gondii ME49 strain were obtained from brains of chronically 
infected male C. callosus as previously described (Barbosa et aI., 2007). 
The brains were removed, washed in sterile 0.01 M phosphate-buffered 
saline (PBS) pH 7.2, and homogenized. The brain preparations were 
further washed by centrifugation at 1,000 g for 10 min in PBS, and cysts 
were counted using light microscopy (magnification X 10). 
Treatments 
Females of C. callosus, at the first dop, were perorally infected, all by 
oral route, with 20 cysts of ME49 strain and were divided into 3 treatment 
groups of 3 females each: (I) control (pBS only), (2) azithromycin 
treatment (300 mg/kg per day), and (3) a combination of sulfadiazine plus 
pyrimethamine and folinic acid (SPAt). Because embryo implantation in 
C. callosus starts on the 96th hr post-conception, we started the 2 first 
treatments on the 4th,.day (Ferro and Bevilacqua, 1994). There is a 
teratogenic risk when SPAf.is used. Following the recommended doses for 
human treatment (Remington et aI., 2001), we started treatment on the 
14th day post-infection (PI) with 15 mglkg per day of folinic acid and, for 
the first 2 days, 50 mg/kg and 75 mg/kg of pyririiethamine and 
sulfadiazine, respectively, twice daily. From the 3rd day PI, the dose of 
folinic acid was maintained, but pyrimethamine was adjusted for 50 mglkg 
once daily and sulfadiazine was administered as a single daily dose of 
100 mglkg. Animals were killed at 15, 17, or 19 dop, and fetal ocular and 
maternal brain tissues were collected for the experiments. 
Females of C. callosus, at the first dop, were perorally infected with 20 
cysts of ME49 strain. Nine females were divided into 3 groups of 
treatment, i.e., PBS, azithromycin, and SPAf groups; for each treatment 
group, medications were administered at the same time and dose as 
described above. The 3 groups received the different medications starting 
at 4 days PI. All females were treated for 20 days; after 30 more days, the 
animals were killed and maternal brains were removed and fixed for 
immunohistochemistry . 
ELISA 
Blood samples were taken from all females on the first dop and tested to 
confirm seroconversion as the indicator of infection of C. callosus females. 
Polystyrene micro titer plates were coated overnight at 4 C with T. gondii 
soluble antigen at 10 mglml in carbonate buffer 0.06 M (PH 9.6). Plates 
were washed with PBS plus 0.05% Tween 20 (PBST) and incubated with 
serum samples diluted at 1:200 in PBST plus 0.5% non-fat milk for 1 hr at 
37 C. Mter washing, plates were incubated with peroxidase-labeled goat 
anti-mouse IgG and incubated for 1 hr at 37 C. After new washes, the 
reaction was developed with a substrate solution consisting of 0.04% 
hydrogen peroxide and 0.1 mglml of o-phenylenediamine (OPD) in 0.1 M 
citrate-phosphate buffer (pH 5.0). The reaction was stopped with 2 N 
H2S04, and optical density (OD) was measured at 492 nm using a plate 
reader (Titertek Multiskan Plus, Flow Laboratories, Geneva, Switzer-
land). Results are expressed in ELISA index (EI) as follows: EI: OD 
sample--cut-off, where cut-off was established as mean OD values of 
negative control sera plus 3 standard deviations. Positive results were 
determined when EI value was greater than 1.2. 
Immunoperoxidase assays 
For immunolocalization of the parasites in fetal eyes and maternal 
brain, tissues were collected and fixed in 10% formalin. The material was 
embedded in paraffin and cut and processed as follows: Four-micrometer 
sections were first incubated for 30 min at room temperature (RT), with 
3% hydrogen peroxide to block endogenous peroxidase, and then for 
20 min at RT with 0.1% bovine serum albumin (BSA) to block non-
specific binding sites. Mterwards, samples were incubated with mice anti-
T. gondii polyclonal serum overnight at 4C, washed, and then the 
secondary antibody and the ABC system (Dako Cytomation LSAB®+ 
System-HRP, Dako, Carpinteria, California) were added, with a wash step 
in between. Each component was incubated for 30 min at 37 C. The 
development of the reaction was made with 3,3'-diaminobenzidine 
tetrahydrochloride (DAB, Sigma Chemical Co., St. Louis, Missouri) plus 
H20 2 for 5 min. Samples were counterstained with Mayer's hematoxylin 
and examined using light microscopy. Tissue parasitism was scored by 
counting the number of parasitophorous vacuoles, or by structures like 
cysts, per section, in the CNS from 2 histological sections of each mouse 
and from 3 mice per group (Welter et aI., 2006). As we did not use specific 
markers for cysts, results were expressed as the number of total parasitism. 
DNA preparation and generation of PCR standards 
Eye samples of 19-day-old fetuses were collected for an analysis of 
parasite load. The total DNA was extracted and precipitated using the 
Wizard® SV Genomic DNA Purification kit (Promega, Madison, 
Wisconsin) according to the manufacturer's protocol. The positive 
control, and standards for the PCR reactions, was generated using 
50 mg of minced ocular normal tissue, to which 105 T. gondii were added. 
The standard, lO-fold dilutions ranged from 0.01 to 1,000 parasite 
equivalents per 50 ng of total DNA, and a standard curve was generated 
from these dilutions to determine the parasite load of DNA from tissue 
samples. An uninfected murine eye was used as a negative control. The 
results were expressed as T. gondii tachyzoite-equivalents per Ilg of DNA. 
Real-time quantitative PCR 
PCR amplification and analysis were achieved using an ABI Prism 7500 
sequence detector (Applied Biosystems, Foster City, California). All of the 
reactions were performed with SYBR Green Master Mix (Applied 
Biosystems), using a 20 III volume in each reaction which contained 
50 ng of template DNA, 5 pmol of each primer, and 10 III of SYBR 
Green. Each sample was tested in duplicate, and all quantifications were 
normalized to an endogenous control (~-actin). The primers used for PCR 
amplification, which targeted the repetitive 35-fold Bl gene (Burg et aI., 
1989) and ~-actin gene, and specifically amplify a 50 pb and 100 pb 
fragment, respectively, were designed using the Primer Express® software 
v2.0 (Applied Biosystems). The sequences for primers are: Bl -forward-5'-
TTCAAGCAGCGTA TTGTCGA-3'; reverse-5' -CATGAACGGATGC-
AGTTCCT -3', and ~-actin-forward-5' -CCT AAGGCCAACCGTGAA-
AA-3'; reverse 5'-GAGGCATACAGGGACAGCACA-3'. 
Statistical analysis 
Statistical analyses were done with Graph Pad version 4.0 (Graph Pad 
Software Inc., La Jolla, California). Comparisons were determined by a 
Kruskall-Wallis non-parametrical test with compared groups (Dunn's 
test), or by an analysis of variance using Dunnet's test. All tests were 
considered significant when P :5 0.05. 
RESULTS 
TOl5,qplasma gondii in ocular tissues of the fetuses 
Twenty-seven pregnant females were divided into 3 treatment 
groups, and their fetuses were removed at 15, 17, and 19 dop for 
determination of parasite load in the eyes. Two fetuses from each 
time point were randomly picked for the histological analyses. All 
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TABLE I. Number of fetal eyes infected with Toxoplasma gondii per structures, intracellular parasites, and total parasites when 
treatment group.* compared to the azithromycin and control groups (Figs. 2H, 21). 
Fetal age (dopt) 
Treatment group 15 17 19 
Control (PBS) 0/6 1/6 2/6 
SPAf 5/6 1/6 2/6 
Azithromycin 0/6 0/6 0/6 
* Two fetuses were analyzed per mother and per time point. Note that only in the 
group treated with azithromycin was no infection observed in fetal eyes. 
t dop, day of pregnancy. 
the eyes from embryos of 19 days were processed for DNA 
extraction and qPCR. In both the control and SPAf groups, we 
found few intracellular parasites in the eyes of the fetuses and no 
detectable inflammatory reactions or retinal disorganization. In 
the azithromycin-treated group, no parasites were found in the 
eyes of the offspring (Table I, Fig. 1). Treatment with SPAf did 
not prevent the passage of T. gondii to the eyes of the fetuses, in 
any time point analyzed, when compared to the control group 
(Table I, Fig. I). 
Treatment effects on the systemic infection of 
pregnant females 
To verify the interference of the different treatments on the 
maternal parasitism, we removed the brains of the mothers and 
processed them for immunohistochemical analyses. On the 15th 
day of gestation-infection, the number of cyst-like structures was 
not different between groups (Fig. 2A). However, there were 
significantly smaller numbers of intracellular parasites in azith-
romycin-treated females when compared to the control group 
(Figs. 2B, 2C). No differences were found in the count of cyst-like 
structures, total parasites, or intracellular parasites When females 
were treated with SPAf. A similar pattern was observed on days 
17 and 19 of infection and gestation, with significantly more 
parasites in the control and in the SPAf-treated groups, when 
compared to the azithromycin-treated group (Fig. 2). With 17 
days of infection, SP Af treatment appeared to facilitate the 
proliferation of parasites when compared to control and 
azithromycin groups (Figs. 2D-F). However, brains of females 
treated with azithromycin did not present differences on day 19 
when compared to controls (Fig. 2G). In contrast, SPAf-treated 
animals presented a significantly higher number of cyst-like 
DISCUSSION 
The risk of vertical transmission of T. gondii is associated with 
various factors, including gestational age at the time of infection, 
maternal immunological state, and virulence of the parasite 
strain, among others. The probability of fetal infection is 
approximately 1 % when maternal infection occurs peri-concep-
tionally, but increases with the progression of gestation (Rorman 
et aI., 2006). When considering human infection, 61% of the 
mothers who seroconvert during pregnancy will not transmit the 
disease to the fetus, while in 26% of cases there will be subclinical 
symptoms and 13% will give birth to children with clinical signs of 
disease (Montenegro and Rezende Filho, 2000). 
In C. callosus, there is no transmission when the mother is 
chronically infected (Barbosa et aI., 2007), making this rodent a 
suitable model because its pathology behaves similarly to the 
human disease. When infection occurs on the first day of 
pregnancy, there is transmission of T. gondii to the fetus, where 
the parasites can be found from the 15th to the 19th days of 
gestation (Ferro et aI., 2002). In the present study, we did not 
detect tachyzoites in the eyes of fetuses from azithromycin-treated 
mothers, while parasites were found in up to 33% and 83% of the 
eyes of both control- and SPAf-treated groups, respectively. 
Infection by T. gondii is more severe to the fetus when it occurs 
in the first trimester of human gestation (Remington et aI., 2001; 
Gilbert and Gras, 2003; Montoya and Liesenfeld, 2004), the time 
during which about 10% of pregnancies end in miscarriage 
(Rorman et aI., 2006). There is still much discussion regarding the 
best protocols for screening and treatment of congenital 
toxoplasmosis (SYROCOT, 2007). The association of pyrimeth-
amine, sulfadiazine, and folinic acid, or spiramycin alone, has 
been used for more than 30 yr for the treatment of maternal 
infection. Some researchers have demonstrated the efficacy of 
spiramycin treatment, while others disagree (Wallon et aI., 1999; 
Gras et aI., 2001; Jones et aI., 2003; Rorman et aI., 2006), 
especially with respect to the use of pyrimethamine plus 
sulfadiazine (Wallon et aI., 1999). Moreover, this drug combina-
tion can only be administered after the 18th wk of gestation 
(Remington et aI., 2001; Lopes et aI., 2007), a timing which may 
allow placental passage and fetal infection. This may explain the 
higher number of parasites we observed in the eyes of fetuses from 
c- C+ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
1 " II 
PBS SPAF Azithromycin 
FIGURE 1. Toxoplasma gondii infection in the eyes of 19-day-old embryos as measured by qPCR. C-, negative control; C+, positive control. Fetuses 
from mothers were infected with T gondii and treated with either PBS (samples 1-9), sulfadiazine+pyrimethamine+folinic acid (SPAf; samples 10-20) or 
with azithromycin (samples 21-35). Note that in the fetuses of azithromycin-treated mothers, there was no detectable parasite DNA. 
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FIGURE 2. Toxoplasma gondii infection in the brains of adult females. (A-C) Brains collected at 15 days of infection and gestation. (D-F) Brains of 
females with 17 days of infection and gestation. (G-I) Brains of females with 19 days of infection. Three pregnant females were used for each treatment 
group. Statistical difference (P oS 0.05) between control and SPAf groups, between control and azithromycin groups (*), and between azithromycin and 
SPAf (**) groups. 
SPAf-treated mothers, as they were treated for a lesser period of 
time. 
Among macro Ii des tested in vitro, azithromycin provided the 
best results against T. gondii (Chang and Pechere, 1988; 
Chamberland et aI., 1991; Fichera and Roos, 1997). In murine 
mo~s, azithromycin was capable of increasing survival of Balb/c 
mice infected with the RH of T. gondii (Tabbara et aI., 2005). 
Azithromycin also showed good affects in vitro against Plasmo-
dium Jalciparum (Noedl et aI., 2007) and has been suggested as 
adjunct therapy to quinines for resistant strains of falciparum 
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malaria (Nakornchai and Konthiang, 2006). In our study, we did 
not observe T. gondii in the ocular tissues of fetuses from 
azithromycin-treated mothers, while parasites were found in the 
eyes of fetuses from females treated with either PBS or SPAf. 
Even in the mothers themselves, there were a significantly lower 
number of cyst-like structures in the brain of azithromycin-treated 
females when compared to PBS- and SPAf-treated groups, which 
may also be accounted for by the short treatment time in the latter 
group. 
Ocular toxoplasmosis may affect various ocular tissues but, in 
general, the lesions are more frequent in the retina, resulting in a 
retinochoroiditis that can be recurrent throughout the patient's 
life and may cause or increase the visual impairment (Rorman et 
aI., 2006). During pregnancy, there is a differential modulation of 
the immune system, favoring a Th2 profile (Erlebacher, 2001; 
Raghupathy, 2001). Because a Thl profile is essential to the 
control of the parasite (Suzuki, 2002; Gaddi and Yap, 2007), it 
was not surprising to find cerebral cysts in the mothers of all 
groups. On days 17 and 19 PI, SPAf-treated females presented a 
slight increase in the number of brain cysts, which may be due, in 
part, to the immunosuppressive effects attributed to pyrimeth-
amine (Allegra et aI., 1990; Braz et aI., 1999; Dergeli et aI., 2003; 
Fohl and Roos, 2003). 
Our data suggest that azithromycin may be an alternative for 
the treatment of toxoplasmosis during pregnancy. The drug has 
shown efficacy against the parasite and other authors have shown 
fewer side effects when compared to the drugs currently in use for 
the treatment of toxoplasmosis (Marchi et aI., 1994; Degerli, 
2003). Case reports have also demonstrated a good response in 
cases of toxoplasmic encephalitis in HIV -positive patients (Trotta 
et aI., 1997; Jacobson et aI., 2001). Our data also demonstrated 
the efficacy of azithromycin in preventing ocular infection during 
vertical transmission of T. gondii, thereby reducing the number of 
cysts in the brains of the mothers. 
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ABSTRACT: Columbina picui (picui ground-dove) is a small, diurnal 
columbid bird that lives, in couples or flocks, in open areas in the 
countryside and urban centers. The species occurs in Brazil and other 
countries in South America. The aim of this study was to identify the 
helminths that parasitize C picui in the state of Rio Grande do Sui, 
southern Brazil. Thirty-four specimens were necropsied; in each case, the 
organs were isolated and examined separately. The nematodes and their 
prevalences were: Ascaridia columbae (26.5%) and Ornithostrongylus 
iheringi (11.8%) in the small intestine; Dispharynx nasuta in the 
proventriculus (5.9%) and gizzard (2.9%); and a Dispharynx sp. (2.9%) 
in the proventriculus. This is the first report of D. nasuta parasitizing C 
picui in Brazil and the first record of A. columbae and 0. iheringi infecting 
C picui in the state of Rio Grande do Sui, Brazil. 
Columbina picui (Temminck, 1813) (picui ground-dove) is a bird that 
lives in open areas, in couples or small groups, and feed on seeds and fruits 
as well as on food discarded by humans; when foraging, they can be seen 
frequently in the company of other bird species such as Columbina 
talpacoti (Temminck, 1810) (ruddy ground-dove), Molothrus bonariensis 
(Gmelin, 1789) (shiny cowbird), and Passer domesticus (Linnaeus, 1758) 
(house sparrow) (Efe et al., 2001). This bird is found in South American 
countries including Argentina, Chile, Uruguay, Paraguay, Bolivia, 
Colombia, Peru, and Brazil (Del Hoyo et al., 1997). In Rio Grande do 
Sui, Brazil, C picui is found throughout the year, does not occur in 
altitudes higher than 800 m, which applies to the northeastern area 
(Belton, 2004). 
The information presently available for the helminth fauna of C picui in 
Brazil is found in Travassos (1913); he cited the species as a host for 
Ascaridia columbae (Gmelin, 1790). Ornithostrongylus iheringi Travassos, 
1941 was reported in C picui in the states of Mato Gross"o (Travassos, 
1940) and Espirito Santo (Travassos et al., 1964). More recently, Vicente 
et al. (1995) reported C picui as a host for Ornithostrongylus sp. and 
Ascaridia sp. Due to the limited knowledge of parasitic fauna of the picui 
ground-dove, the aim of the present study was to identify the helminths 
that parasitize this species, as well as their prevalence, abundance, and 
mean intensity parameters. 
Thirty-four specimens of C picui adults from an urban environment 
were examined. Thirty of the birds were captured with a compressed-air 
carbine and killed with an injection of 2% lidocaine hydrochloride in the 
brainstem; 4 were donated by the Wild Fauna Rehabilitation Center 
(NURFS/CETAS) of the Federal University of Pelotas (UFPel). The 
captures were made between summer and autumn, in the months of 
December 2006 to June 2007, subject to licensing by the Brazilian 
Environment Institute (IBAMA) under 066/2006IDITEC-RS. The birds 
were refrigerated immediately after the capture for a period of no more 
than 24 hr before the necropsy. 
The birds were necropsied following a ventral longitudinal cut from the 
mouth to the cloaca. The eyeball, respiratory system (lungs, trachea), uro-
genital system (kidney, ureter, testicles, and ovaries), liver, digestive tract 
(mouth, pharynx, esophagus, crop, proventriculus, gizzard, small intes-
tine, and large intestine), and the abdominal cavity were checked for the 
presence of parasites. Each organ was isolated, opened, and washed in 
running water. The mucosa of the gut was examined using a 
stereomicroscope, and the contents were washed in a sieve with a mesh 
size of 150 11m. The parasites were stored in vials containing 70% ethanol 
for later identification and counting. The specimens were cataloged and 
deposited in the helminthological collection of the Wild Animals 
Parasitology Laboratory, by the Biology Institute of the UFPel, Pelotas, 
DOl: lO.1645/GE-1948.1 
Rio Grande do Sui, Brazil (235N-251N). The nematodes were subse-
quently cleared using lactophenol and were identified in accordance with 
Travassos (1940), Pinto et al. (1991), and Duarte and Dorea, 1987. 
The prevalence, mean abundance, and mean intensity of parasitism were 
evaluated according to Bush et al. (1997). From the 34 specimens 
examined, 15 (44.1%) were parasitized. We found only nematodes, of 
which A. columbae was most prevalent (26.5%), followed by O. iheringi 
(11.8%). Dispharynx nasuta Rudolphi, 1819 was the species with the 
highest mean intensity (19.5) (Table I). 
The Dispharynx sp. was very similar to D. nasuta but, unlike the present 
species, it presented 2 long, subequal spicula whose measurements were 
0.42 mm and 0.50 mm. Dispharynx nasuta, in accord with Duarte and 
Dorea, 1987, presents dissimilar spicules; the right spicule is long and 
slender (0.39-0.48 mm long), and the left spicule is short and thick (0.14-
0.18 mm long). 
Ascaridia columbae and 0. iheringi were found in the small intestine, in 
accordance with Vicente et al. (1995). Similar to Costa et al. (1986), 
Duarte and Dorea (1987). and Vicente et al. (1995), the single specimen of 
a Dispharynx sp. and the 31 D. nasuta occurred in the proventriculus of I 
bird; the organ was quite swollen, with a large quantity of mucus present, 
a pathology that matches that described by Urquhart et al. (1998). Seven 
other specimens of D. nasuta were found in the gizzard of the same bird. 
Infection by D. nasuta in the gizzard of other birds has not been previously 
reported; we believe that it was observed because of post-mortem 
migration that occurred prior to necropsy. 
Many gastrointestinal parasites are acquired by food ingestion and, 
therefore, diet may largely determine the number of parasite species to 
which the host is exposed (Poulin, 1995). In the C picui specimens, we 
found seeds and fruits in the crop and gizzard. In only 1 bird did we find 
an insect (Coleoptera) or a mollusc (Gastropoda) in the crop. The small 
number of arthropods and molluscs in the diet of these birds would reduce 
the probability of helminth recruitment. Thus, the diet of the birds 
explains the higher prevalence of species with direct life cycles, i.e., A. 
columbae and 0. iheringi. Only D. nasuta, which was less prevalent, has a 
life cycle requiring an arthropod intermediate host, i.e., sowbugs or other 
isopods (Permin and Hansen, 1998). 
In the other species of doves, there is a greater diversity of helminths. 
The study of the helminth fauna of the Zenaida auriculata (Des Murs, 
184 7) (eared dove), in Chile, showed that cestodes were most prevalent, 
i.e., Killigrewia delafondi (Railliet, 1892) (9.4%) and Raillietina sp. (1.7%), 
while trematodes (Echinostoma sp.) and nematodes (Heterakis gallinarum 
(Schrank, 1788) occurred in less than 1 % of the doves (Gonzalez et al., 
2004). In C talpacoti, also in Brazil, the trematodes Brachylemus 
(Mazzantia) mazzantia (Travassos, 1927), Tanaisia magnicolica Freitas, 
1951 (Travassos et al., 1969), and Paratanaisia bragai (Santos, 1934) 
(Pinto et al., 2004) are abundant. 
TABLE I. Prevalence, mean abundance, mean intensities, total, and range 
of the nematodes parasitizing Columbina picui (n = 34). 
Prevalence Mean Mean 
Nematodes (%) abundance intensities Total Range 
Ascari~ia columbae 26.5 0.7 2.7 24 1-7 
Ornit~ostrongylus 
iheringi 11.8 1.2 10.0 40 1-27 
Dispharynx nasuta 5.9 1.1 19.5 39 1-38 
Dispharynx sp. 2.9 0.03 1 
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In our study, the helminth fauna of C. picui was composed of D. nasuta, 
which is reported for the first time in this host in Brazil, and of A. 
columbae and 0. iheringi, which are reported for the first time in the state 
of Rio Grande do Sui, Brazil. 
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ABSTRACT: Geographic variations in the diversity and prevalence of 
helminth parasites of fish can provide important clues as to the relatedness 
of fish populations, In the present work, the stomachs of 64 conger eels, 
Conger conger, collected during 1999 and 2000, were examined for the 
presence of parasites, Four fish were infected with L3 stages of the 
nematode Anisakis simplex s,L (Anisakidae), I with the nematode 
Cristitectus congeri (Cystidicolidae), I with the acanthocephalan Rhadi-
norhynchus pristis, 17 with postlarvae of Sphyriocephalus tergestinus 
(Eucestoda: Trypanorhyncha), and 55 with Lecithochirium spp, (Digenea: 
Hemiuridae), The hemiurids were the most abundant parasites, with a 
total of 385 individuals recovered, Strong aggregated distributions were 
found for both the digeneans, Lecithochirium musculus and Lecithochirium 
fusiforme, with variance-to-mean ratios (?Ix) and index of discrepancy (D) 
13.98 and 0,672 (for L. musculus) and 8,08 and 0,90 for L. fusiforme, 
respectively, Intensity of L. musculus, L. fusiforme, and S. tergestinus 
showed significant relationships with depth of capture, Differences in 
number of species and prevalence were found between Madeira and the 
Atlantic coasts of the Iberian Peninsula, 
Conger conger Linnaeus 1758 (Teleostei: Anguilliformes) is a benthic marine 
species, with a geographical distribution extending through the northeastern 
Atlantic, the Mediterranean, and the Black Sea (Bauchot and Saldanha, 
1986), This fish species has a relative commercial importance in Madeira, with 
catches accounting for 0.20% of total fish catches (data not shown). 
Although several helminth parasites have been reported from the 
digestive tract (stomach and intestine) of this fish species from the Iberian 
Peninsula, i.e., Spain and. Portugal (SanMartin et aL, 2000; Saraiva et al., 
2000) and the Mediterranean (Gibson and Bray, 1986; Bartoli and Gibson, 
2007), its parasite composition remains almost unknown in Madeiran 
waters. Parasites can be used as indicators of environment quality and 
host biology, including migratory behavior and feeding ecology, as well as 
in defining population units (Williams et aL, 1992; MacKenzie et aL, 1995; 
MacKenzie, 2002). 
The present work is a study of the helminth parasites found in the 
stomach of conger eel from Madeiran waters. The aim was to identify 
helminth species present and compare their diversity and prevalence with 
the Iberian coastal region of the Atlantic where the fish host is a common 
inhabitant. 
Sixty-four conger eels, Conger conger, ranging in length from 44.4 to 
178.9 em (114 ± 25.76, mean ± SD) and weight from 116.2 to 14,500 g 
(3,584.6 ± 2,561.9), were caught in Madeiran waters, in the northeastern 
Atlantic Ocean (33°7'30", 32°22'20"N and 16°16'30", 1 TI6'38''W) during 
1999-2000, at depths between 200 and 700 m. Fish were frozen 
immediately after capture and brought to the laboratory. After the fish 
were thawed, stomachs were removed and the contents preserved in 70% 
ethanoL Helminths were later recovered from the preserved stomach 
contents and separated according to taxonomic group. Nematodes and 
cestodes were cleared in lactophenol and mounted as temporary 
preparations in glycerol jelly. They were identified according to Berland 
(2005) and Palm (2004). Digeneans were stained in acetic carmine, cleared 
in beechwood creosote, mounted in Canada balsam or Entellan, and 
identified according to Gibson and Bray (1986). All helminths were 
studied and identified by light microscopy. 
Parasitological parameters (prevalence, intensity, and abundance) were 
calculated according to Bush et aL (1997). Aggregation was quantified with 
the variance-to-mean ratios (s2/x) and index of discrepancy (D) of Poulin 
(1993), with the program Quantitative Parasitology by Rozsa et aL (2000). 
The Pearson correlation coefficient was used to test the relationship between 
intensity of helminths and depth of capture (Fowler et al., 2001). The 
DOl: lO.1645/GE-1760.1 
relationship between host length and abundance of helminths was examined 
with the use of the Spearman correlation coefficient. 
A single individual of Cristitectus congeri (Nematoda: Cystidicolidae), 5 
specimens of L3 larvae of Anisakis simplex s.L (Anisakidae), 48 postlarvae 
of Sphyriocephalus tergestinus (Eucestoda: Trypanorhyncha), 5 Rhadinor-
hynchus pristis (Acanthocephala: Rhadinorhynchidae), and 385 hemiurids 
of the genus Lecithochirium (Digenea: Hemiuridae) were recovered. The 
hemiurids were represented by 3 species. The most abundant was 
Lecithochirium musculus with 315 individuals, followed by Lecithochirium 
fusiforme with 52 specimens, and 18 Lecithochiriumfurcolabiatum. Mixed 
infections with L. musculus and L. fusiforme occurred in only 3 fish. The 
remaining 61 fish were infected with only I of the hemiurid species. Some 
hemiurids were badly preserved and could not be accurately identified (n 
= 8). Mean intensity of hemiurids was 7.9 for L. musculus and 4.7 for L. 
fusiforme. Lecithochirium furcolabiatum was the least common digenean. 
Prevalence, mean intensity, and mean abundance values of the helminth 
species found are shown in Table 1. The highest prevalence, 62.5% (95% 
confidence limits 49.5-74.3%), was observed for L. musculus, followed by 
S. tergestinus (26.6%, 95% confidence limits 16.3-39.1 %), and L. fusiforme 
(17.2%,95% confidence limits 8.9-28.7%). Estimates of the aggregation 
indices, variance-to-mean ratios (1Ix), and index of discrepancy (D) for L. 
musculus and L. [usiforme indicated that their frequency distributions are 
overdispersed (X = 24.35, P = 0.05, s2/x = 14.0, D = 0.672 for L. 
musculus; X2 = 2.49, P = 0.05, ?Ix = 8.1, D = 0.90 for L. fusiforme). For 
S. tergestinus, however, ?Ix was 4.2 and D = 0.827; its distribution was 
aggregated (I = 10.2; P = 0.05). 
An analysis of the vertical distribution of L. musculus and L. fusiforme, 
the 2 most abundant hemiurid parasites, with depth of capture, indicated 
that intensity of L. musculus decreased significantly with depth (r = 
-0.391; P = 0.01 [n = 61)), whereas the intensity of L. fusiforme increased 
significantly with depth (r = 0.292; P = 0.05 [n = 61]; see Fig. I). 
Lecithochirium musculus is more abundant at depths of 200-300 m, 
whereas L. fusiforme is more abundant at depths of 400-600 m. Postlarvae 
of S. tergestinus increased significantly with depth (r = 0.329, P = 0.01 [n 
= 61)), being more frequent at depths of 400--700 m (Fig. I). The 
relationship between host length and abundance of L. musculus and S. 
tergestinus was positive, but not significant (rs = 0.049; P = 0.71; rs = 
0.074; P = 0.57). Relationship between host length and abundance of L. 
fusiforme was negative, but not significant (rs = -0.091; P = 0.48). 
Differences were found between the helminth fauna of conger eels in 
Madeira and in the Iberian Atlantic coast. One of these differences relates 
to the occurrence of postlarvae of the trypanorhynch S. tergestinus. This 
cestode, with a relatively high prevalence of 26.6%, was not previously 
reported from conger eels. Rather, the trypanorhynch Grillotia sp. was 
reported from conger eels along the Iberian Atlantic coast (SanMartin et 
aL, 2000) and elsewhere (Palm, 2004). Postlarvae of S. tergestinus were 
more abundant in deeper waters (see Fig. I), where it is possible that the 
diet of conger eels included more crustaceans, which could include 
intermediate hosts of this cestode. Oceanic trypanorhynchids are known to 
have a life cycle with crustaceans or fish as second intermediate hosts 
(Palm, 2004). Moreover, Sphyriocephalidae are common in deeper waters 
(Klimpel et aL, 2001, quoted by Palm, 2004). 
In contrast to surveys conducted in the Iberian Atlantic coast, we found 
a very low prevalence of the nematode Cristitectus congeri (1 specimen 
only in 61 fish). This parasite, a specialist nematode of conger eels (Petter, 
1970; Quinteiro et aL, 1989), is present along the Iberian coast, with 
prev~ces ranging from 8.2% (n = 110) in northwestern Spain 
(Quinteiro et aL, 1989) to 54.8% (in northwestern Spain, at the mouth 
of Ria de Arousa; Quinteiro et aL, 1992), and to 50%, as reported by 
Saraiva et aL (2000) from the Atlantic Portuguese coast (in northwestern 
Portugal). Another nematode recovered from conger eels in our study with 
a low prevalence included L3 larval stages of Anisakis simplex s.L This low 
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TABLE I. Prevalence, mean intensity, and abundance of the helminth parasites found in the stomach of conger eel, Conger conger, from Madeiran waters. 
Parasite species Prevalence (%) No. infected fish No. parasites Mean intensity (range) Abundance 
Cristitectus congeri 0.02 
Anisakis simplex s.1. 6.3 4 
Sphyriocephalus tergestinus 26.6 17 
Rhadinorhynchus pristis 0.02 I 
Lecithochirium musculus 62.5 40 
Lecithochirium Jusiforme 17.2 11 
Lecithochirium Jurcolabiatum 6.3 4 
prevalence was probably because they are usually more abundant in the 
body cavity of fishes. Low prevalence of A. simplex was also reported in 
conger eels from the Iberian Peninsula (9.0%) by SanMartin et al. (1989), 
and 1.1 % by SanMartin et al. (2000). In contrast, Saraiva et al. (2000) 
registered very high prevalence (94%) in the mesenteries of conger eels. 
Variations in prevalence of the helminth parasites observed in the 
present study and elsewhere may reflect variability in habitats occupied by 
fishes and the availability of intermediate hosts. The regions sampled in 
the Iberian Atlantic coast represented continental coastal waters, whereas 
Madeira is an oceanic island, with almost no continental shelf, which 
could account for further differences in prevalence due to nutrient-poor 
waters, which support low numbers of invertebrate intermediate hosts. 
For example, transmission of cystidicolid nematodes to fish takes place via 
the ingestion of crustaceans (amphipods and decapods) (Anderson, 1992). 
Amphipods were not identified in the diet of conger eels from Madeira, 
whereas decapods represented a high percentage of the diet, e.g., Natantia 
(56.9%) and Brachyura (1.2%; L. Costa, unpubl. obs.). Whether the 
Natantia or the Brachyura are intermediate hosts for C. congeri is not 
known at this point. Nonetheless, crustaceans and fishes were the most 
abundant food items (56.9% and 17.2%, respectively) with Mollusca 
(including cephalopods) accounting for 3.0% of the diet in conger eels in 
Madeira. 
The hemiurid tremafbdes represented the most abundant of the 
helminth parasites in our study, but they are also common parasites of 
conger eels in the Mediterranean (Bartoli and Gibson, 2007) and less 
common in the Iberian Atlantic coast (Vilas et aI., 2003), implicating the 
existence of a link with the Mediterranean in terms of these digenean 
parasites. Typically, Lecithochirium species are acquired by feeding on 
small rock-pool fishes (see Gibson and Bray, 1986), namely, gobies and 
labrids, which are common in Madeiran rocky shores (Wirtz, 1994). 
However, it was of interest to find that L. musculus was more abundant in 
fish caught at depths of 200-300 m, whereas L. Jusiforme was at depths 
400-600 m (see Fig. I). This could be related to changes in the prey items 
of conger eels. According to Cau and Manconi (1984), the most frequent 
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FIGURE 1. Number of individual Lecithochirium musculus and 
Lecithochirium Jusiforme, and postlarvae of the trypanorhynchan Sphyr-
iocephalus tergestinus in conger eels, Conger conger in relation to depth of 
capture, from Madeiran waters. 
I 0.02 
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48 2.82 (1-8) 0.75 
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52 4.73 (1-13) 0.81 
18 4.50 (1-9) 0.28 
prey in nentIc populations of conger eels is fishes (suitable for 
transmission of hemiurids), with crustaceans and molluscs as chance 
prey. On the other hand, in the mesobathyal region, fish and crustaceans 
(suitable for transmission of hemiurid trematodes, trypanorhynchs, and 
nematodes) are the preferential prey, thus explaining the presence of S. 
tergestinus in deeper waters. 
The occurrence of the acanthocephalan R. pristis, not previously 
registered from conger eels, seems likely to be an accidental infection. This 
acanthocephalan is fairly common in Madeiran waters, infecting the 
intestine of fishes (Costa et aI., 2004). 
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Notes on Population Dynamics of Amblyomma Ticks (Acari: Ixodidae) in Brazil 
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ABSTRACT: Previous population dynamics data, generated for Ambly-
omma parvum Aragao and Amblyomma cajennense (Fabricius) in 
Argentina and southeastern Brazil, have indicated that these ticks 
complete I generation per year, with larvae predominating in autumn, 
nymphs in winter, and mostly adults during spring and summer. The 
present study reports population dynamics data for free-living Amblyom-
ma spp. ticks in northern Brazil (Amazon forest, latitude 10'S, 63°W), and 
for Amhlyomma spp. ticks collected on birds in southeastern Brazil 
(latitude 23'S, 45°W). In northern Brazil, adult ticks predominated from 
mid-spring to mid-autumn, larvae predominated in early winter, and 
nymphs from mid-winter to mid-spring. Seven Amblyomma spp. were 
identified, although A. cajennense predominated in I of the 2 sites 
sampled. In southeastern Brazil, larval infestations on birds peaked in 
autumn, followed by a nymphal infestation peak in late winter. At least 
32% and 75% of these larvae and nymphs, respectively, were identified as 
Amblyomma longirostre (Koch). Similar to previous work, the present 
study showed that Amhlyomma spp. larvae and nymphs predominated 
during autumn-winter months, and mostly adults during spring-summer 
months, a pattern compatible with I generation/yr, even at latitude I OOS in 
northern Brazil. 
Amblyomma is currently composed of 127 species of ticks distributed in 
tropical and subtropical areas of the world, especially in the Neotropical 
region, where about half of the world's Amblyomma species occur 
(Balashov, 1994; Horak et aI., 2002; Guglielmone et aI., 2003). Tn South 
America, only a minority of Amblyomma species have been studied with 
respect to their population dynamics. These include investigations on 
Amblyomma cajennense (Fabricius) in Argentina and southeastern Brazil 
(Guglielmone et aI., 1990; Mangold et aI., 1994; Souza and Serra-Freire, 
1994; Oliveira et aI., 2000; Labruna, Kasai et aI., 2002; Oliveira et aI., 
2003) and Amblyomma parvum Aragao in Argentina (Nava et aI., 200S). 
Data generated in these studies have shown similar seasonal distribution, 
characterized by larvae predominating in autumn (April to June), nymphs 
in winter (July to September), and mostly adults durill'g spring and 
summer (October to March). This pattern has indicated that A. cajennense 
and A. parvum complete 1 generationlyr in the areas where they were 
studied. 
The present study aimed to report population dynamics data for 
Amblyomma ticks in 2 regions of Brazil. Tn one region, the western 
Brazilian Amazon (state of Rondonia), we report data for free-living ticks 
collected monthly in 2 areas from February 2001 to May 2002. Data on 
these ticks have been reported, with respect to species composition, as part 
of an extensive study on the tick fauna of Rondonia, but without any 
temporal distribution record (Labruna et aI., 2005). Tn southeastern Brazil 
(state of Sao Paulo), we report data of ticks collected from birds examined 
monthly from January 1997 to December 2000. Data on these ticks have 
been reported, with regard to tick and host species names, as part of an 
extensive study on ticks infesting wild birds in Sao Paulo, but without any 
temporal distribution record (Labruna et aI., 2007). 
In the state of Rondonia, free-living ticks were collected monthly at the 
Amorim Farm (loo3S'S, 63°31 'W), from February 2001 to May 2002, and 
in the headwaters of Jamari River (looIS'S, 63°14'W), from April 2001 to 
May 2002. These 2 sites are composed primarily of Amazon forest and are 
not occupied by domestic animals or humans (Labruna et aI., 2005). Ticks 
were collected by visual inspection on vegetation, and by flagging by 2 
collectors, covering a distance of 900 m each month. In the state of Sao 
Paulo, ticks were collected from birds captured by mist netting in a 
forested area in Taubate (23°01 'S, 45°33'W) from 1997 to 2000 (Labruna 
et aI., 2007). 
Adult ticks were identified to species using current taxonomic keys and 
morphological descriptions. Immature stages of most of the Amblyomma 
species from Brazil remain undescribed; therefore, some of the immature 
DOl: 1O.1645/GE-1878.1 
ticks collected in the present study were successfully reared to the adult 
stage under laboratory conditions, as previously described (Labruna, 
Paula et aI., 2002), in order to obtain the species identification. An 
exception was the nymph of Amblyomma longirostre (Koch), which was 
easily identified by the elongate scutum and pointed hypostome (Labruna 
et a!., 2007). 
All ticks collected in the present study were species of Amhlyomma. At 
the Amorim Farm, adult ticks predominated from February to May, 2001 
(summer and early autumn) and from December 2001 to May 2002 (late 
spring, summer, and mid-autumn). Between these 2 adult major periods, 
larvae predominated in July 2001 (early winter), followed by a higher peak 
in September 2001 (late winter), whereas nymphs predominated from 
August to November, 2001 (mid-winter to mid-spring) (Fig. lA). Seven 
Amblyomma spp. were identified, although A. cajennense comprised 61.3% 
of the adults collected and 96.9% of the nymphs that were identified to 
species (Table I). At the headwaters of the Jamari River, mostly adult 
ticks predominated from November 2001 to May 2002 (mid-spring, 
summer, and mid-autumn); larvae predominated in July 2001 (early 
winter), whereas nymphs presented major peaks in September to October 
2001 (late winter to early spring) (Fig. IB). Nymphs also predominated in 
a smaller peak from May to June 2001 (mid- to late autumn). Six 
Amblyomma spp. were identified, but no single species comprised most of 
the adults or nymphs (Table I). 
In Taubate, only larvae (196 specimens) and nymphs (55 specimens) 
were collected from birds (mostly Passeriformes; see bird species names in 
Labruna et aI., [2007]), with a marked predominance of larvae from 
March to August (major peaks from May to July; mid-autumn to early 
winter), and nymphs predominated from September to December (major 
peak in September; late winter). No larvae or nymphs were found on birds 
in January and February (summer) (Fig. 2). In total, 62 larvae (32%) and 
41 nymphs (75%) were identified as A. longirostre; the remaining larvae 
died before the nymphal stage and were regarded as Amblyomma spp., 
whereas 5 nymphs were identified as Amblyomma calcaratum Neumann. 
Adults of A. longirostre were not expected to be collected on birds, since 
they feed primarily on porcupines (Labruna et aI., 2007). 
Similar to previous studies with A. cajennense and A. parvum in 
southeastern Brazil and Argentina, (Guglielmone et aI., 1990; Mangold et 
a!., 1994; Souza and Serra-Freire, 1994; Oliveira et aI., 2000; Labruna, 
Kasai et a!., 2002; Oliveira et a!., 2003; Nava et aI., 200S), the present 
study showed that Amblyomma spp. larvae and nymphs predominated 
during autumn-winter months and adults mostly during spring-summer 
months, a pattern compatible with I generation/yr. The vast majority of 
ticks collected at Amorim Farm and Taubate were A. cajennense and A. 
longirostre, respectively, indicating that at least these 2 species complete I 
generation/yr in northern and southeastern Brazil, respectively. At the 
headwaters of the Jamari River, there was not a predominance of any tick 
species because different species were collected in high numbers for adults 
or nymphs, but a similar distribution pattern for whole adults, larvae, and 
nymphs also indicated that at least some of these species complete 1 
generation/yr. On the other hand, it is possible that one, or more, 
Amblyomma species have a different seasonal pattern, as suggested by a 
nymphal peak in May 2001, before the larval peak in July 2001 and the 
highest nymphal peak in September 2001. At the headwaters of the Jamari 
River (Fig. IB), and to a lesser eKtent at the Amorim Farm (Fig. IB), 
substantial numbers of adult ticks are found year-round, including during 
larval and nymphal peaks. This distribution could be related to prolonged 
survivorship of unfed adult ticks inside the rainforest, where wildlife 
density is usually low, or could also be affected by a diapause, which is yet 
to be determined. 
La~na et a!. (2003) showed that the I-yr generation pattern of A. 
cajennense in Pirassununga, southeastern Brazil (21°59'S, 47°25'W) is 
controlled primarily by larval behavioral diapause during summer, i.e., 
larvae hatched during spring-summer (October to March) do not host-
seek until April (early autumn), when the number of daylight hours drop 
below 12, and mean temperature drops to below 20 C. Possibly, this kind 
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FIGURE 1. Populational dynamics of free-living Amblyomma spp. ticks 
in Amorim Farm (A) and at the Headwaters of Jamari River (B) in 
northern Brazil. 
TABLE 1. Species identification of free-living ticks collected in two sites in 
northern Brazil, in Amorim Farm from February 2001 to May 2002 and in 
the headwaters of the Jamari River from April 2001 to May 2002. 
Headwaters of Jamari 
Amorim Farm River 
Adults Nymphs* Adults Nymphs* 
Tick species No. % No. % No. % No. % 
Amblyomma 
cajennense 288 61.3 308 96.9 0 0.0 0 0.0 
A. ovale 87 18.5 0 0.0 145 32.9 0 0.0 
A. scalpturatum 45 9.6 2 0.6 147 33.3 6 5.9 
A. naponense 20 4.3 1 0.3 73 16.5 39 38.6 
A. latepunctatum 17 3.6 0 0.0 47 10.7 4 4.0 
A. oblongoguttatum 11 2.3 4 1.2 26 5.9 37 36.6 
A. coelebs 2 0.4 3 0.9 3 0.7 15 14.9 
Total 470 100 318 100 441 100 101 100 
* Refers to nymphs that were reared to the adult stage in the laboratory. 
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FIGURE 2. Population dynamics of Amblyomma spp. larvae and 
nymphs infesting wild birds in Taubate, southeastern Brazil. Data are 
presented as mean number of ticks collected/month during 4 yr (1997-
2000). 
of behavioral diapause also occurs with A. parvum in northern Argentina, 
as Nava et al. (2008) showed that field-collected ticks developed no 
morphogenetic diapause in different photoperiods under laboratory 
conditions. Interestingly, our data from Amorim Farm suggest that A. 
cajennense completes 1 generationlyr even at latitude lOoS, where daylight 
and temperature ranges are much lower throughout the year. 
In most parts of the southern latitudes of South America, autumn-
winter is dry and cool--cold, whereas spring-summer is rainy and warm-
hot (Silvestri et aI., 2008). The l-yr generation pattern of Amblyomma spp. 
ticks in South America, with larvae and nymphs mostly active during 
autumn-winter and adults during spring-summer, seems to be an 
adaptative behavior to these seasonal changes. This behavior synchronizes 
egg incubation to always occur during the spring-summer months, when 
higher temperatures decrease the egg incubation period and higher 
moisture (also provided by more abundant vegetal cover on the soil) 
increases egg hatchability. This higher moisture condition during the 
spring-summer months also provides suitable conditions for larvae in 
diapause. 
The population dynamics reported in the present study seem to be the 
most common for South American Amblyomma spp. ticks. However, 
several other patterns have also been reported, as is the case of 
Amblyomma neumanni Ribaga in northern Argentina, for which a 3-yr 
life cycle with summer diapause has been suggested, with all active stages 
occurring during autumn-winter mo (Guglielmone et aI., 1990; Mangold 
et aI., 1994). Additionally, different populational dynamics have also been 
reported for Amblyomma dubitatum Neumann in Brazil and Amblyomma 
triste Koch in Brazil and Uruguay (Szab6 et aI., 2007; Venzal et aI., 2008). 
These 2 tick species are typical of marsh areas, where moisture variations 
during the year are indeed different from the above-high-water-level soils. 
This work was supported by FAPESP and CNPq (Brazil). 
LITERATURE CITED 
BALASHOV, Y. S. 1994. Importance of continental drift in the distribution 
and evolution of ixodid ticks. Entomological Review 73: 42-50. 
GUGLIELMONE, A. A., A. ESTRADA-PENA, J. E. KEIRANS, AND R. G. 
ROBBINS. 2003. Ticks (Acari: Ixodida) of the zoogeographic region. 
International Consortium on Ticks and Tick-borne Diseases 
(ICTTD-2), Atlanta, Georgia, 173 p. 
---, A. J. MANGOLD, D. H. "AGUIRRE, AND A. B. GAIDO. 1990. 
Ecological aspects of ticks found on cattle in Salta, Northwest 
Argentina. Veterinary Parasitology 35: 93-101. 
HORAK, I. G., J. L. CAMICAS, AND J. E. KEIRANS. 2002. The Argasidae, 
Ixodidae and Nuttalliellidae (Acari: Ixodida): A world list of valid 
tick names. Experimental and Applied Acarology 28: 27-54. 
LABR~A, M. B., M. AMAKU, J. A. METZNER, A. PINTER, AND F. FERREIRA. 
2003. Larval behavioral diapause regulates life cycle of Amblyomma 
cajennense (Acari: Ixodidae) in southeast Brazil. Journal of Medical 
Entomology 40: 170-178. 
---, L. M. A. CAMARGO, F. A. TERASSINI, F. FERREIRA, T. T. S. 
SCHUMAKER, AND E. P. CAMARGO. 2005. Ticks (Acari: Ixodidae) from 
1018 THE JOURNAL OF PARASITOLOGY, VOL. 95, NO.4, AUGUST 2009 
the State of Rondonia, western Amazon, Brazil. Systematic and 
Applied Acarology 10: 17-32. 
---, N. KASAl, F. FERREIRA, J. L. H. FACCINI, AND S. M. GENNARI. 
2002. Seasonal dynamics of ticks (Acari: Ixodidae) on horses in the 
state of Sao Paulo Brazil. Veterinary Parasitology 105: 65-77. 
---, C. D. PAULA, T. F. LIMA, AND D. A. SANA. 2002. Ticks (Acari: 
Ixodidae) on wild animals from the Porto-Primavera hydroelectric 
power station area, Brazil. Mem6rias do Instituto Oswaldo Cruz 97: 
1133-1136. 
---, L. F. SANFILIPPO, C. DEMETRIO, A. C. MENEZES, A. PINTER, A. A. 
GUGLIELMONE, AND L. F. SILVEIRA. 2007. Ticks collected on birds in 
the state of Sao Paulo, Brazil. Experimental and Applied Acarology 
43: 147-160. 
MANGOLD, A. J., D. H. AGUIRRE, A. B. GAIDO, AND A. A. GUGLIELMONE. 
1994. Seasonal variation of ticks (Ixodidae) in Bos taurus X Bos indicus 
cattle under rotational grazing in forested and deforested habitats in 
northwestwern Argentina. Veterinary Parasitology 54: 389-395. 
NAVA, S., A. J. MANGOLD, AND A. A. GUGLIELMONE. 2008. Aspects of the 
life cycle of Amblyomma parvum (Acari: Ixodidae) under natural 
conditions. Veterinary Parasitology 156: 270-276. 
OLIVEIRA, P. R., L. M. BORGES, R. C. LEITE, AND C. M. FREITAS. 2003. 
Seasonal dynamics of the Cayenne tick, AmblyomffUl cajennense on 
horses in Brazil. Medical and Veterinary Entomology 17: 412-416. 
---, ---, C. M. L. LOPES, AND R. C. LEITE. 2000. Population 
dynamics of the free living stages of Amblyomma cajennense 
(Fabricius, 1787) (Acari: Ixodidae) on pastures of Pedro Leopoldo, 
Minas Gerais state, Brazil. Veterinary Parasitology 92: 295-301. 
SILVESTRI, G., C. VERA, D. JACOB, S. PFEIFER, AND C. TEICHMANN. 2008. A 
high-resolution 43-year atmospheric hindcast for South America 
generated with the MPI regional model. Climate Dynamics 32: 693-
709. 
SOUZA, A. P., AND N. M. SERRA-FREIRE. 1994. Variar;ao sazonal da fase 
nao parasitaria de Amblyomma cajennense e Boophilus micro plus no 
Municipio de Paracambi, Estado do Rio de Janeiro. Revista da 
Universidade Rural, Series Ciencias da Vida 16: 57-65. 
SZABO, M. P. J., M. B. CASTRO, H. G. C. RAMOS, M. V. GARCIA, K. C. 
CASTAGNOLLI, A. PiNTER, V. A. VERONEZ, G. M. MAGALHA.ES, J. M. B. 
DUARTE, and M. B. LABRUNA. 2007. Species diversity and seasonality 
of free-living ticks (Acari: Ixodidae) in the natural habitat of wild 
marsh deer (Blastocerus dichotomus) in Southeastern Brazil. Veteri-
nary Parasitology 143: 147-154. 
VENZAL, J. M., A. ESTRADA-PENA, O. CASTRO, C. G. DE SOUZA, M. L. 
FELIX, S. NAVA, AND A. A. GUGLIELMONE. 2008. Amblyomma triste 
Koch, 1844 (Acari: Ixodidae): Hosts and seasonality of the vector 
of Rickettsia parkeri in Uruguay. Veterinary Parasitology 155: 104-
109. 
J. ParasitoZ., 95(4), 2009, pp. 1019-1020 
© American Society of Parasitologists 2009 
Long-Term Survival of Toxoplasma gondii Sporulated Oocysts in Seawater 
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ABSTRACT: Toxoplasma gondii is now recognized as an important 
pathogen in costal marine mammals. Oocysts from cat feces are believed 
to be washed into seawater and serve as a source of infection via transport 
hosts. Experimentally, it has been demonstrated that T. gondii oocysts can 
sporulate in seawater and remain infectious for mice for up to 6 mo. The 
present study examined the long-term survival of T. gondii in seawater 
(15 ppt NaCl) kept at 4 C or at room temperature. Oocysts kept at 4 C for 
24 mo were orally infectious for mice, while those kept at room 
temperature for 24 mo were not. 
Cole et al. (2000) isolated Toxoplasma gondii from sea otters with 
encephalitis; they hypothesized that oocysts were making their way into 
the marine environment and that marine mammals were becoming 
infected by ingesting marine invertebrates, which were acting as phoretic 
hosts. This hypothesis is now widely accepted (see Conrad et aI., 2005). We 
demonstrated that unsporulated oocysts of T. gondii would sporulate in 
seawater and that these sporulated oocysts were infectious to mice for up 
to a 6-mo storage in seawater (Lindsay et aI., 2003). Lindsay et al. (2001) 
established that eastern oysters (Crassostrea virginica) could remove T. 
gondii oocysts from seawater and that sporulated T. gondii could remain 
viable in oysters for 85 days (Lindsay et aI., 2004). Arkush et al. (2003) 
showed that mussels (Mytilus galloprovincialis) could remove T. gondii 
oocysts from seawater; they found that viable oocysts were present in 
mussels for 3 days and that T. gondii DNA could be detected by PCR for 
up to 21 days after exposure (Arkush et aI., 2003). Recently, Miller et al. 
(2008) detected T. gondii DNA from I of 1,396 naturally exposed 
California mussels (Mytilus califonianus) from Monterey Bay, California. 
Tissue from this mussel was repeatedly positive by PCR examinations, but 
it is not known if the oocysts present were infective because animal 
inoculation was not attempted (Miller et aI., 2008). The purpose of the 
present study was to examine the long-term survival of sporulated T. 
gondii oocysts in seawater kept at 4 C or at room temperamre (RT). 
Oocysts of T. gondii collected from the feces of a cat fed tissues were from 
a naturally infected chicken from New England (Dubey et aI., 2003) and had 
sporulated in seawater (15 ppt), as previously reported (Lindsay et aI., 
2003). Oocysts were counted in a hemocltometer, and the volume was 
adjusted so that 0.5 ml contained 5 X 10 oocysts for the inoculation of 
mice. Mice were given T. gondii oocysts orally using an animal feeding 
needle. These oocysts were from the same source as those previously 
demonstrated to be infectious for mice for 6 mo (Lindsay et aI., 2003). 
Groups of 2 CD-l female mice were housed together and fed a commercial 
laboratory diet and water, ad libitum. Impression smears were made from 
the lungs or liver of mice that died, and smears were examined, unstained, 
for tachyzoites of T. gondii. Surviving mice were killed 4-8 wk post-
inoculation. Their brains were removed, and smears were made from both 
cerebral hemispheres of the brain and were examined, unstained, for T. 
gondii tissue cysts using a light microscope. The inoculation times post-
storage, and the results of inoculations, are presented in Table I. 
Oocysts of T. gondii remained infectious for mice when stored at 4 C for 
24 mo in seawater (Table I). Clinical signs of toxoplasmosis (ruilled hair, 
labored breathing, lateral recumbence), and deaths, occurred in mice 
orally inoculated with oocysts that had been stored in seawater at 4 C 
during the entire study. Mice in all groups, except I of 2 mice inoculated 
with oocysts stored in seawater at 4 C for 15 mo, died or were killed 
because of acute toxoplasmosis. The infectivity of T. gondii oocysts kept at 
RT began to decrease at 15 to 18 mo of storage; both mice inoculated with 
oocysts stored for 15 mo survived and were clinically normal, and only 1 
of 2 mice inoculated with oocysts stored for 18 mo became infected. 
Toxoplasma gondii oocysts did not survive for 24 mo in seawater kept at 
RT (Table I). Due to a refrigerator malfunction (freezing of samples), the 
DOl: 10.1645/GE-1919.1 
TABLE I. Protocol and results of time of storage, and temperature, on the 
infectivity of sporulated Toxoplasma gondii oocysts* for mice. 
Mice fed oocysts stored at: 
Oocysts stored for 4ct Room temperature 
1 yr 
I yr 3 mo 
I yr 6 mo 
2 yr 
2/2 
2/2 
2/2 
2/2 
2/2 
2/2 
2/1 
2/0 
• Oocysts orally administered. 5 X 105. 
t Number of mice inoculated/number of mice positive. 
infectivity of T. gondii oocysts kept in seawater at 4 C could not be 
evaluated after 2 yr. 
Limited research has been done on the survival of T. gondii in the 
environment. Frenkel et al. (1975) demonstrated that sporulated T. gondii 
oocysts in soil could survive for 18 mo. Drinking unfiltered water is a risk 
factor for obtaining T. gondii infections (Bahia-Oliveira et aI., 2003), and 
outbreaks of waterborne infections have been reported (see Dubey, 2004). 
Dubey (1998) examined the survival of sporulated T. gondii oocysts in 
water under defined conditions. In that study, sporulated T. gondii oocysts 
kept at 4 C were infectious in mice for 54 mo (Dubey, 1998). Oocysts kept 
in water at 20 C and 25 C did not loose infectivity after 6 mo of storage 
(Dubey, 1998). Toxoplasma gondii survived in water at RT for 18 mo 
(Hutchison, 1967). 
The present study demonstrates that sporulated T. gondii oocysts will 
survive in seawater for at least 24 mo. Additional studies need to be 
conducted in costal marine environments to determine the phoretic hosts 
for T. gondii in these environments and to determine if T. gondii can be 
isolated from seawater in these locations. 
Supported, in part, by grant CA 830573-0101 from the United States 
Environmental Protection Agency, to D.S.L. 
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ABSTRACT: A host-parasite relationship was observed, for the first time, 
between a piscicolid leech and a species of amphibious goby (Seartelaos 
tenuis) from an intertidal mud flat in southern Iran. Morphological and 
molecular investigations assign the leech to Zeylanieobdella arugamensis. 
Of the 3 endemic and sympatric mudskipper species living in the Persian 
Gulf (S. tenuis, Boleophthalmus dussumieri, and Periophthalmus waltom), 
leeches were only found on S. tenuis (prevalence and mean intensity = 
71.4% and 2.3 ± 2.5, respectively), which is also the most-aquatic 
mudskipper species. Seartelaos tenuis is not the largest species, but more 
leeches (2:4 leecheslhost) were found on larger specimens (> 12 cm 
standard length [SL]). Nonetheless, in aquaria, leeches also attached on 
P. waltoni. This suggests either an ecological partitioning of host-parasite 
complexes, determined by host habitat selection, or leech limited-
resistance to air exposure, or both. 
Mudskippers are peculiar, amphibious gobies (Gobiidae: Oxudercinae: 
Periophthalmini) that "are fully terrestrial for some portion of the daily 
cycle" (Murdy, 1989). They are distributed within tropical, subtropical, 
and temperate zones along the African Atlantic coasts and in the entire 
Indo-West-Pacific region, where they live in estuaries and intertidal areas 
such as mangrove ecosystems and tidal mud flats. Where sympatric species 
occur, they are typically differentially distributed along the intertidal 
gradient (Milward, 1974; Nursall, 1981). Different genera show different 
degrees of eco-physiological adaptations to terrestriality (Clayton, 1993). 
This is typically paralleled by their habitat distribution (Takita et aI., 
1999). Seartelaos tenuis (Day, 1876), Boleophthalmus dussumieri Valenci-
ennes, 1837, and Periophthalmus waltoni Koumans, 1955, are present in an 
area comprising the Persian Gulf, the Gulf of Oman, Pakistan, and the 
west coast of northern India up to Mumbai (Murdy, 1989). Iranian 
mudskippers are differentially distributed from more-aquatic to more-
terrestrial habitats, respectively, from S. tenuis to B. dussumieri to P. 
waltoni (Clayton, 1985). Very few parasites have been- reported in 
mudskippers, either in nature (Pearse, 1932; Das, 1934; Mhaisen and 
AI-Maliki, 1996; Bandyopadhyay and Dash, 2001) or in aquaculture 
(Zhang and Hong, 2003). 
Here, we report the first record of leeches as ectoparasites on 
mudskippers (s. tenuis) from a tidal mud flat in southern Iran, together 
with laboratory observations in aquaria. Piscicolid leeches (Hirudinea: 
Piscicolidae) are widely distributed as fish ectoparasites in both fresh- and 
brackish water of all continents except Antarctica, and in all oceans; many 
species occur in estuaries. The Piscicolidae were recently revised based on 
both morphological and molecular characteristics (Williams and Burre-
son, 2006). The fish leeches of the Indian Ocean were reviewed by Sanjeeva 
Raj (1974), who reported only 3 species from teleost fishes, i.e., Malmiana 
(=Ottoniobdella) stellata Moore, 1958, Piseieola olivaeea Harding, 1920, 
and Zeylanieobdella arugamensis De Silva, 1963. Examination of the 
holotype of M. stellata from the Natal Museum shows it to be conspecific 
with Z. arugamensis (E. Burreson, unpub\. obs.). Piseieola olivaeea has not 
been reported since the original description (Harding, 1920), although 
Sawyer (1986) transferred the species to Calliobdella. 
We document here the occurrence, in nature, of an aquatic parasite only 
on the most aquatic of 3 sympatric and related species of amphibious 
hosts; this suggests the presence of differential host selection with respect 
to hosts' habitat conditions. We examine this hypothesis in the present 
report. 
Live mudskippers were collected, by hand, on the mudflats of Bandar 
Khamir (Hormozgan Province, Iran; 26D 56'40"N, 55D 35'55"E; Fig. 1) 
during 2 surveys in April and May, 2007 and 3 surveys in August, 2008. 
Surveys were made within ±2 hr around the predicted spring low tide at 
the nearest reference tidal station (Bandar Abbas; Admiralty EasyTide© 
DOl: 10.1645/GE-1718.1 
UKHO, data available online at: http://easytide.ukho.gov.uklEasyTide/ 
EasyTide/index.aspx [accessed: 16 August 2008]). Sampling was made 
along 3 linear transects at 3 different levels of the intertidal gradient, i.e., 
at increasing horizontal distances from the sand dune to the creek 
(transects A-C, Table I, Fig. 1). Individual fishes were placed into 
separate, transparent plastic bags and transported alive to the laboratory. 
Fish were killed by placing them at -25 C for <1 hr. Mudskipper 
specimens were morphologically identified to species level by means of the 
available morphological keys (Murdy, 1989), and leeches were counted on 
each host; mudskippers were then measured to the nearest 0.1 cm 
(standard length [SL]). Eight leech specimens were fixed and preserved 
in 96% ethanol for molecular analyses, while other specimens were fixed in 
5% formalin and preserved in 60% ethanol for morphological studies. 
In the laboratory, several specimens of S. tenuis, B. dussumieri, and P. 
waltoni were observed for a few days in a 150 X 50 X 60-cm tank. The 
tank had been filled with a layer of mud and shallow water taken from a 
tidal mud flat, inhabited by mudskippers nearby the Hormozgan 
University, in Bandar Abbas, Iran. No filter system was used. They were 
maintained at room temperature and fed with algae and crab meat. 
A sample of S. tenuis was deposited in the Genoa Museum of Natural 
History, Genoa, Italy (MSNG 54633), while a sample of the Iranian Z. 
arugamensis was deposited in the National Museum of Natural History of 
Washington, Washington D.C. (USNM 1114380) and in the Milan Civic 
Museum of Natural History, Milan, Italy (MSNM Ar4765). DNA leech 
haplotype sequences were submitted to the EMBL (codes: FM208109; 
FM20811O; FM208111). 
Two individual leeches, fixed in formalin, were examined using a 
dissecting microscope. One of them was embedded in paraffin and serial-
sectioned transversely at 5 iJ.Ill through the clitellum and anterior urosome 
following the methods in Burreson and Kalman (2006). ' 
DNA from 8 leeches was extracted and purified by using the DNAeasy® 
Tissue kit (Qiagen Inc., Valencia, California) reagents. The concentration 
of the extracted solutions was adjusted to 3 ng/Ill and was used directly for 
P<?R amplification of an ~600 bp fragment of the COl region of mtDNA, 
usmg the primer LC0140 and HC02198 (Folmer et aI., 1994), and PCR 
reaction was performed as detailed in Williams and Burreson (2006). The 
templates. obtained were purified, using a standard procedure, with 
NucleoSpm Extract (Macherey-Nagel, Diiren, Germany). Direct sequenc-
ing was carried out using a 3730xl DNA analyzer (Applied Biosystems, 
Carlsbad, California) in forward and reverse directions. 
Sequences were aligned by using the ClustalX 1.81 software (Thompson 
et aI., 1997) and were adjusted by eye. The identification of haplotypes, 
polymorphisms, and parsimony informative sites were conducted with 
DnaSP 3.52 software (Rozas and Rozas, 1999). The species determination 
of the haplotypes was performed by aligning the obtained sequences with 
those.found in the International Nucleotide Sequence Databases (INSD), 
by usmg the BLAST (Altschul et aI., 1990) search engine. A set of closely 
related sequences from the international database was thus selected, i.e., 4 
sequences of closely related taxa based on Williams and Burreson (2006) 
(DQ414344, Z. arugamensis; DQ414334, Pterobdella amara; DQ414305, 
Aestabdella leiostomi; and DQ414300, Aestabdella abditovesieulata) and 
the sequence of a species of Glossipboniidae as an outgroup (DQ99531O, 
Helobdella robusta). 
These sequences were used to build a phylogenetic hypothesis. The best 
evolutionary model fitting the dataset was selected by Modeltest 3.06 
(Posada and Crandall, 1998). Two different approaches were then 
employed. A maximum parsimony (MP) analysis was performed using 
PAU~.OblO (Swofford, 2002), building a strict consensus of the most-
parsimonious trees by TBR branch swapping. Bootstrap support values 
for nodes were computed (1,000 reps.). A Bayesian inference (BI) 
p~ylogenetic analysis was also performed (Huelsenbeck et aI., 2001), 
usmg MrBayes (Huelsenbeck and Ronquist, 2001: 4 Markov chain, 
300,000 generations; 100,000 generations were discarded as burn-in). 
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FIGURE I. Above, Bandar Khamir (black arrow); below, area of study 
(shaded rectangle with a hatched contour). A, B, C: linear transects 
respectively made at 50, 100, ISO m from the sand dune, perpendicular to 
the water edge; Ck = creek; D = sand dune; dl = debris line deposited by 
the wave action during neap high waters; Mn = stands of stunted 
mangroves; P = pier; rd = road; U = urbanized area; maps drawn from 
satellite images (Google Earth Plus, v. 4.2, available online at: http:// 
earth.google.co.uk! [accessed: 14 June 2008]). 
The marine leeches and their hosts were found at low tide on a tidal 
mud flat nearby Bandar.Khamir, Hormozgan, Iran. The mudflat received 
freshwater input from the small town nearby and was separated from a 
salt flat by a sand dune, which was parallel to the creek (Fig. I). Only a 
few, stunted mangrove trees (Avicennia marina) were present above, or at 
the same level of, a debris line, which indicates the apprdximate level of 
neap high tide (Fig. 1). Above this line, and nearby the sand dune (sand 
dune transect A, Fig. I), the mud contained a sand fraction and was 
relatively compact. In this zone, P. waltoni and B. dussumieri were present, 
together with numerous ocypodid crabs. A large majority of P. waltoni, 
with a few B. dussumieri specimens, were collected along transect A 
(Table I). Moving towards the sea (transects A- B, Fig. I), the sediment 
progressively became finer, and the size and abundance of B. dussumieri 
increased while the abundance of P. waltoni decreased; some individuals of 
S. tenuis were present here (Table I). Below the debris line, at about ISO m 
from the sand dune (transect C, Fig. I), P. waltoni and B. dussumieri 
rapidly declined in number as the mud became wetter. In this lower zone, 
the flat was covered by tide pools, and there were areas of thixotropic 
mud. Here, S. tenuis was dominant (Table I). Piscicolid leeches were found 
only on specimens of S. tenuis (n = 7), with up to 7 leeches per individual 
(n = 16; prevalence 71.4%; mean intensity 2.3 ± 2.5); they were attached 
on the dorsum of the head, opercula, throat (Fig. 2a), and nearby the 
attachment of the anal and dorsal fins. More leeches were found on the 
larger S. tenuis, and the highest number of parasites (n = 7) was found on 
the largest host (SL= 12.8 cm). No leeches were found on B. dussumieri (n 
= 22) and P. waltoni (n = 43), even though their size was comparable to S. 
tenuis; the largest captured mudskipper was a B. dussumieri (Table I). 
In aquaria, the leeches also attached on P. waltoni (Fig. 2b), although 
they were never observed on individuals completely out of water. No 
movements of leeches were observed while they were attached to their 
host; they remained tightly attached with their caudal sucker, even after 
death by freezing. 
Both leeches examined morphologically were IS mm in total length, 
including suckers. The body was smooth, lacking gills, pulsatile vesicles, or 
papillae. Any pigmentation, including eyes pots and ocelli, had totally 
faded in the formalin. The caudal sucker was eccentrically attached and 
moderate in size. The oral sucker was small. Histological sections revealed 
5 pairs of testisacs, 2 pairs of mycetomes, and an extensive, ramifying 
coelomic system. The sections confirmed the absence of pulsatile vesicles. 
The photographs (Fig. 2c) document dark brown or black pigmentation in 
the form of segmental transverse bands. There were also black pigment 
bands on the caudal sucker radiating from the sucker- urosome juncture to 
the margin of the sucker. The oral sucker had a transverse pigment band, 
and the crop of I leech contained blood from the host. 
Three haplotypes were identified (FM208109; FM208110; FM208111), 
among the 8 specimens examined, based on the alignment of 463 bp of the 
sequenced region. Variability among these sequences was relatively low 
(Table II), because only 3 polymorphic non-informative loci and 3 non-
synonymous substitutions were detected. A BLAST search identified a 
COl sequence of Z. arugamensis (DQ414344) as the most similar one (94% 
identical), followed by those of P. amara (DQ414334, 91 % identical), A. 
abditovesiculata (DQ414300, 91 % identical), and A. leiostomi (DQ414305, 
89% identical), respectively. These sequences were aligned with the new 
haplotypes and compared by means of p-distance (Table II). The new 
sequences showed a relevant divergence from the most similar taxon, 
namely Z. arugamensis (6.10 ± 0.10 SD). Nonetheless, the divergence 
between the Iranian leech and Z. arugamensis was determined by only 31 
synonymous mutations, while the variability of all the piscicolid species 
was determined by 95 mutations, II of which were replacements. 
MP and BI phylogenetic hypotheses were highly congruent, and the 
trees had identical topologies (Fig. 3). Prior to analysis, Modeltest selected 
a GTR model (gamma correction = 0.3240). The new haplotypes formed a 
distinct clade, supported by a high bootstrap value and a-posteriori 
probability. Their affinity to Zeylanicobdella sp. was confirmed. 
The morphology of the leech found on S. tenuis, i.e., 5 pair oftestisacs, 2 
pair of mycetomes, an extensive coelomic system, the shape of body and 
suckers, and black pigmentation in transverse bands, was consistent with 
Z. arugamensis De Silva, 1963. Previous molecular analyses demonstrated 
a monophyletic clade comprised of Zeylanicobdella, Aestabdella, and 
Pterobdella (Williams and Burreson, 2006); the present study shows that 
sequences from the Iranian leech are sister to Z. arugamensis (Fig. 3). 
Nonetheless, the bootstrap support value for the relationship between the 
Iranian leech and Z. arugamensis (71) is not as high as the support value 
for the relationship between A. leiostomi and P. amara (83), 2 clearly 
distinct species. This might suggest that the Iranian leech is a distinct 
species; however, the p-distances, although perhaps greater than expected, 
are less for the Iranian leech- Z. arugamensis relationship than between A. 
leiostomi and P. amara (Table II). Zeylanieobdella arugamensis is widely 
distributed in the Indian Ocean and throughout Indonesia. Variability in 
pigmentation pattern has been documented (De Silva and Fernando, 1965; 
Sanjeeva Raj et aI. , 1977) and is consistent with our observations, but little 
is known of the molecular sequence variability across the broad range of 
this leech. The only deposited sequence data are from a specimen collected 
in Borneo (Williams and Burreson, 2006), at the opposite end of the range 
from Iran. Until more is known about the sequence variability of Z. 
TABLE I. Mudskipper and leech sample size (n) and fish size (standard length, mean ± I SD in cm) at each linear transect, A-C, as shown in Figure I. 
A B C 
Species Length n Length n Length n 
Lt> 
Zeylanicobdella arugamensis 0 0 16 
Seartelaos tenuis 0 10.8 1 6.2- 12.8 (9.7 ± 2.5) 6 
Boleophthalmus dussumieri 2.8- 7.4 (5.5 ± 1.9) 4 4.5- 15.3 (8.7 ± 3.3) 18 0 
Periophthalmus waltoni 3.9-11.2 (7.1 ± 1.7) 31 3.2- 10.4 (7.8 ± 2.3) 12 0 
arugamen i 
Iran 
Iran 0.16 ± 0.14 
arug 6. 10 ± 0.10 
amar 
Ii 
abdi 
.4 ±O. IO 
10.21 ± 0.10 
± 0.07 
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r----------------- OQ995310 H. robusta 
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1.00 
100 New haplotypes 
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in an aquaculture system (Cruz-Lacierda et aI., 2000). This is consistent 
with our observations, as the tidal mudflat of Bandar Khamir receives 
continuous freshwater inputs from the nearby town (Fig. I). 
This is the first record of a leech parasitizing a mudskipper. Intertidal 
aquatic conditions, e.g., burrows and tide pools, are particularly harsh 
during low tide, including rapid and wide fluctuations of temperature 
(Tytler and Vaughan, 1983), salinity (Sasekumar, 1994), and oxygen levels 
(Ishimatsu et aI., 2000). Therefore, mudskippers' ectoparasites should be 
specifically adapted to sub-aerial conditions and peculiar host behaviors, 
such as air gulping (Graham, 1997), air-phase maintenance in burrows 
(lshimatsu et aI., 1998; 2000), prolonged exposure to air (Sayer and 
Davenport, 1991), rapid and drastic temperature changes out of water 
(Tytler and Vaughan, 1983), and intense illumination. While piscicolid 
leeches were only found on S. tenuis, and in the most aquatic conditions in 
the field (transect C), they rapidly attached to other more-amphibious 
species in aquaria (P. waltoni). This suggests that these parasites are able 
to tolerate only a limited exposure to air, being present only in the most 
aquatic environments inhabited by mudskippers. In fact, S. tenuis is the 
most aquatic of the 3 Iranian mudskipper species; it mostly occurs in the 
lower intertidal zone (transect C: Fig. 1), is frequently found half 
immersed in shallow water, and often occurs in areas of thixotropic mud. 
This scenario is compatible with a differential impact of parasites on 
hosts with different degrees of terrestriality. Host selection seems to be 
limited by hosts' habitat conditions. 
Even though our sample of S. tenuis was relatively small, higher 
prevalence and mean intensity of parasites occurred during hotter months 
(April and June = 100%, 7.0 and 2.7, respectively; August = 33% and 0.3, 
respectively); Z. arugamensis presents demographic explosions in small 
water basins where the salinity drops during periods of intense rainfall 
(Cruz-Lacierda et aI., 2000). In southern Iran, the rainy season is also 
particularly intense, when ephemeral torrents are formed (wadis). 
Moreover, mudskippers are known to hibernate during winter in the 
Persian Gulf, when the temperature drops below 10 C (Tytler and 
Vaughan, 1983). Therefore, seasonal changes of this host-parasite 
relationship are highly probable. 
A strikingly similar system was studied by Goater (2000) in North 
America. He examined the differential occurrence of glossiphoniid 
leeches on sympatric species of plethodontid salamanders with different 
degrees of terrestriality. In this case also, leeches parasitized more-
aquatic and larger hosts, and the system underwent drastic seasonal 
changes. 
The first author wishes to thank Dr. Paolo Galli (University of Milano 
Bicocca, Milan, Italy) for his kind help and insight regarding fish 
parasitology; the University of Hormozgan, Bandar Abbas, Iran, for a 
travel grant and facilities to stay at during a workshop on mudskippers' 
eco-ethology; and Professor Bahram H. Kiabi (Shaheed Beheshti 
University, Tehran, Iran) for his encouragement and stimulating scientific 
exchange. Thanks also to Dr. Cameron Goater (University of Lethbridge, 
Lethbridge, Canada), Dr. Gerald W. Esch (Wake Forest University, 
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Helminths From an Introduced Species (Tupinambis merianae), and Two Endemic Species 
(Trachylepis atlantica and Amphisbaena ridleyt) From Fernando De Noronha Archipelago, 
Brazil 
A. C. O. Ramalho, R. J. da Silva, H. O. Schwartz, and A. K. Peres, Jr., Universidade Estadual Paulista Julio de Mesquita Filho - Unesp, Departamento 
de Parasitologia, Instituto de Biociencias. Distrito de Rubiao Junior, sin. 18618000. Botucatu - Sao Paulo, Brasil. e-mail: ana27ana@hotmail.com 
ABSTRACT: The present study reports the occurrence of helminths in the 
introduced species Tupinambis merianae (tegu lizard), and in two endemic 
species Trachylepis atlantica (small lizard) and Amphisbaena ridleyi (two-
head-snake lizard ), from Fernando de Noronha Archipelago, State of 
Pernambuco, Brazil. Nine species of helminths were found, mainly in the 
digestive tract and accessory organs, with the following prevalence (P) and 
mean infection intensity (MIl), Tupinambis merianae: Diaphanocephalus 
galeatus (P = 96%, MIl = 20,5), Spinicauda spinicauda (P = 100%, MIl = 
197,8), and Oochoristica sp.1 (P = 20%, MIl = 4.4), Trachylepis atlantica: 
Moaciria alvarengai (P = 20%, MIl = 1.4), S. spinicauda (P = 92%, MIl = 
22.1), Mesocoelium monas (P = 4%, MIl = 3,0), Platynosomum sp, (P = 
8%, MIl = 7,0), and Oochoristica sp.2 (P = 16%, MIl = 1.25). 
Amphisbaena ridleyi: Aplectana albae (P = 96%, MIl = 143.4), Thelandros 
alvarengai (P = 4%, MIl = 1.0), Me, monas (P = 44%, MIl = 2,8), 
Platynosomum sp, (P = 36%; MIl = 13,8), and Oochoristica sp.2 (P = 
48%; MIl = 2,17), More than 80% of T merianae were infected with 2, or 
more, helminth species, In Tr, atlantica, single-species infections were 
present in 50% of the specimens, but co-occurrence of 2 parasites was also 
high (41.7%), In A. ridleyi, multiple infections were more common, with 
up to 5 parasite species present. The helminth fauna observed allowed us 
to conclude that helminths can be carried together with their host when 
they colonize new geographic localities and that these introduced 
helminths can, in turn, colonize endemic, or native, hosts, 
The Fernando de Noronha Archipelago is situated in the Atlantic 
Ocean in the Neotropics; its land mass consists of 16,9 km2, distributed 
among approximately 20 islands (Olson, 1994; Carleton and Olson, 1999). 
The Archipelago has a volcanic origin and has never been connected, by 
land, to the South American continent. 
Two species of reptiles are native and endemic in the Archipelago, the 
two-head-snake lizard (Amphisbaena ridleyi) and the' small lizard 
(Trachylepis atlantica), The tegu lizard (Tupinambis merianae) and the 
African gecko (Hemidactylus mabouia) were introduced by humans onto 
Fernando de Noronha by ships during human occupation (Olson, 1981; 
Oren, 1984), 
In 1960, a pair of T merianae were brought to the Island of Fernando 
de Noronha from the Brazilian state of Rio Grande do Norte, and thereby 
introduced from the continent (Recife, State of Pernambuco, Brazil) by 
the military for the purpose of controlling other invasive species such as 
rodents, Rattus rattus (Oren, 1984; Rangel et aI., 1988). According to 
Rangel et aL (1988), T merianae lizards also feed on eggs and juveniles of 
the green turtle (Chelonia mydas) and the eggs of native birds, The 
introduced species is largely responsible for the reduction in green turtles 
and birds on the main island and on Rata Island, where it was also 
introduced, As there are no natural predators (such as large mammals) on 
the Island of Fernando de Noronha, and also due to abundant resources, 
the population of T merianae continues to grow. A recent study estimated 
the population size of T merianae on the main island of Fernando de 
Noronha to be at 2,600 individuals (Peres, 2003), 
Due to the scarcity of data regarding the helminth fauna of T merianae 
on the island of Fernando de Noronha, and their relationship with the 
helminth fauna of the continent, the aims of the present study were to: (I) 
identify the helminth fauna of lizards found on Fernando de Noronha, 
including T merianae (introduced) and the endemic Tr. atlantica and A. 
ridleyi, (2) compare the helminths found in the introduced lizard species 
with those found in the endemic species, (3) evaluate the possibility that T 
merianae has introduced helminths that did not exist before the lizard's 
colonization, and (4) assess the possibility that T merianae has contracted 
new parasites that existed previously on the island which, in turn, could 
001: lO.1645/GE-1689.1 
allow these lizards to transport their newly acquired parasites back to the 
continent. 
The animals included in the study were collected on the Island of 
Fernando de Noronha, Pernambuco, Brazil. The T merianae specimens 
were donated by the project "Sustainable Management of Tupinambis 
merianae in Fernando de Noronha Archipelago," coordinated by Dr. 
Ayrton Klier Peres, Jr., a program which targets the population control of 
this species in the Archipelago. The Tr, atlantica and A. ridleyi specimens 
were sampled in the jungles of Conceir;:1'LO and at Boldr6 and Cacimba do 
Padre beaches, The sampling took place during the period of 23 
November to 9 December 2006. Twenty-five specimens of T merianae, 
25 specimens of Tr. atlantica, and 25 specimens of A, ridleyi were killed 
and necropsied, 
The capture of T merianae was performed with the distribution of 
"Tomahawk" traps at 5 sites of the main island, i,e" the path of Praia da 
Atalaia, Praia do Leao (reproduction site of C mydas), Enseada da 
Caieira, Buraco da Raquel, the trail of Sancho (another reproduction site 
of sea turtle), and at the Administration Transit Hotel. However, as the 
animals were captured, they were grouped in a terrarium, making it 
impossible to identify the precise collection site for of the animals, 
The capture of Tr. atlantica was performed manually, using a PVC pipe, 
with bread and biscuits as bait. These lizards are extremely abundant 
throughout the Archipelago and are accustomed to human presence. 
Accordingly, they do not offer much resistance for capture. The Tr, 
atlantica were collected in the jungles of Praia de Boldr6, The A. ridleyi 
were captured by hand under stones and rocks. This species was sampled 
on the jungle beaches of Boldr6, Conceir;:ao, and Cacimba do Padre, 
The animals were killed by injection of sodium thiopental (Thiopen-
tax®); they were then identified, measured, and necropsied, During the 
necropsy, the gastrointestinal tract, lungs, heart, liver, and kidneys were 
examined for parasites, 
All parasites collected were fixed in 70% alcohol. The trematodes and 
cestodes were fixed under cover-slip pressure (Amato et aI., 1991), 
Cestodes and trematodes were stained with carmine (Rey, 2001; Andrade, 
2000), and nematodes were cleared using lactophenol (Andrade, 2000), 
Later, these helminths were analyzed using a computerized system for 
image analysis (QWin Lite 3.1, Leica, Wetzlar Germany) for morphologic 
and morphometric purposes, The ecological parasite data, such as 
prevalence, mean abundance, and mean parasite intensity, were calculated 
according to Bush et al. (1997). 
Voucher specimens were deposited in the Helminthological Collection 
of the Department of Parasitology of the Biosciences Institute, Sao Paulo 
State University (UNESP), Botucatu, State of Sao Paulo, Brazil (CHIBB-
UNESP 2809-3036), 
Nine helminth species were found among the studied specimens from 
Fernando de Noronha. The most prevalent species in Tupinambis 
merianae Dumeril and Bibron, 1839 were the Diaphanocephalus galeatus 
Rudolphi, 1819 (Strongylidae) and Spinicauda spinicauda Olfers in 
Rudolphi, 1819 (Heterakidae); the former species presented the highest 
intensity of infection and abundance (MIl = 197.8, MA = 197,8), An 
Oochoristica sp, I Luhe, 1898 (Anoplocephalidae) was also observed in the 
small intestine of 5 specimens, with'a prevalence of 4.4%, Trematodes were 
not found in this lizard species (Table I), In T merianae, more than 80% 
of the animals were infected with 2, or more, helminth species (Fig, I), 
Trachylepis atlantica were infected with 2 nematode species, Moaciria 
alvarengai Freitas, 1956 (Heterakidae) and S. spinicauda, 2 trematode 
species, Mesocoelium monas Rudolphi, 1819 (Brachycoeliidae) and 
PlatX!llissomum sp. Kossack, 1910 (Dicrocoeliidae), and I cestode species, 
Oochoristica sp,2 (Anoplocephalidae). Spinicauda spinicauda occurred 
with the highest prevalence and abundance, The prevalences, as well as the 
intensity of infection and abundance, were low for both trematodes and 
cestodes (Table I), In Tr. atlantica, 50.0% of the specimens had a single 
species, but the co-occurrence of 2 parasites was also high, at 41.7%. 
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Mausfeld et al. (2002) performed a morphological and genetic study Tr. 
atlantica and concluded that these animals have an African origin. 
However, there is no helminthological study in African lizards to use for 
comparison to the lizard's helminth fauna on the Archipelago. In this 
regard, it is worth noting that none of the species of parasites found in Tr. 
atlantica has been described for the Scincidae on the South American 
continent, supporting the notion that helminths in this lizard could have 
come from the African helminth fauna as well. 
We observed S. spinicauda, a typical parasite of Teiidae, infecting Tr. 
atlantica. We also verified the occurrence of Th. alvarengai, previously 
described in Tr. atlantica (Freitas, 1957) infecting A. ridleyi. These data 
suggest that the native Archipelago lizards are sharing the parasite pool. 
This may have been facilitated by the island environment, where its 
potential host species are isolated and are sympatric in their distribution. 
A similar phenomenon was observed by Goldberg and Bursey (2000), who 
found 5 helminth species infecting An. sagrei soon after their introduction 
into Hawaii, although in low prevalence. Two other parasites found were 
reported in Hawaii for the first time, and could have colonized with An. 
sagrei and then transferred to other non-native species soon after arrival. 
These data confirm the possibility that introduced lizards can carry 
helminths to locations where they have not existed before and, also, the 
possibility that newly colonized lizards become infected with endemic 
parasites. 
We would like to thank the Fundac;;ao de Amparo it Pesquisa do Estado 
de Sao Paulo ~ FAPESP for the financial support (05/55041-7). The 
authors are indebted to Ayrton Klier Peres Junior, for his time in helping 
collect the lizards in Archipelago, and to the Archipelago Administration 
Staff and IBAMA for licenses to collect the animals. 
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A. SSU rDNA T, ef, varani 
T. cf. varani -
(AB447493) T. varani (1) 
T. varani (1) 99.73% -
(AJOO5279) (2,189/2,195) T. varani (2) 
T. varani (2) 99.68% 99.95% -
(AJ223572) (2,186/2,193) (2,198 / 2,199) T. sp. Gecko 
Trypanosoma sp. Gecko 98.59% 98.36% 98.36% -
(AJ620548) (2,164/2,195) (2,163/2,193) (2,163/2,193) T. see/opori 
T. see/opori 94.30% 94.43% 94.26% 93.58% 
-
(U67182) (2,136 / 2,265) (2,087 / 2,195) (2,084 / 2,211) (2,069 / 2,211) T. easeavelli 
T. easeavelli 92.64% 91.79% 92.09% 91.40% 90.67% 
-
(EU095837) (2,101 /2,268) (1,989/2,167) (2,049/2,225) (2,049/ 2,225) (2,019/ 2,227) 
B. gGAPDH gene T. cf. varani 
T. cf. varani -
(AB362559) T. varani 
T. varani 99.67% -
(AJ620261) (897 /900) T. sp. Gecko 
T. sp. Gecko 91.11 % 91.22% 
-
(M620259) (820/900) (821/99) 
FIGURE 2. Identity of the SSU rDNA (A) and gGAPDH (B) sequences of Trypanosoma cf. varani, in an imported ball python from Ghana, with 
related Trypanosoma spp. 
according to the instructions provided by the manufacturer. PCR 
amplification of overlapping fragments of the SSU and the large subunit 
(LSU) rDNA of trypanosomes, using multiple primer pairs, was 
conducted as described previously (Sato et aI., 2005). Mter direct 
sequencing of PCR amplicons (Sato et aI., 2005) or subcloned internal 
transcribed spacer (ITS) regions (Sato et aI., 2008), sequences were 
assembled manually with the aid of the CLUSTAL W multiple alignment 
program (Thompson et aI., 1994). The composition of SSU/LSU rDNA of 
the trypanosome was determined as described previously (Sato et aI., 2005, 
2007). The gGAPDH gene was amplified as described previously 
(Hamilton et aI., 2004; Sato et aI., 2008). The nucleotide sequences 
reported in the present study are available in the DDBJ/EMBLlGenBank 
databases under AB447493 and AB362559. 
The newly obtained rDNA sequence of the trypanosome from the ball 
python examined in the present study, and those of related trypanosome 
species obtained from DDBJIEMBLlGenBank (see Fig. 3), 2,201-bp to 
2,267-bp long, were aligned using the CLUSTAL W multiple alignment 
program, with subsequent manual adjustment. There were only 6 base 
substitutions between the 2,195-bp long SSU rDNA sequences of the 
present trypanosome from the ball python and T. varani, corresponding to 
99.73% identity (Fig. 2). The newly obtained LSU rDNA sequence gave 
little information, because nucleotide sequences of few species infecting 
reptiles have been deposited, e.g., Trypanosoma scelopori, (DDBJ/EMBLI 
GenBank U67181). Similarly, gGAPDH gene sequences of only a few 
reptilian trypanosomes have been deposited, but the newly obtained 971-
bp nucleotide sequence (DDBJ/EMBLlGenBank AB362559) was close to 
that of T. varani (AJ620261). When comparing the 900-bp long gGAPDH 
nucleotide sequences of the present trypanosome from the ball python 
with T. varani, 3 base substitutions were found, causing 1 amino acid (AA) 
substitution in the 300-AA long sequences (Fig. 2). Between the 
trypanosome from the ball python and the Trypanosoma sp. Gecko 
(AJ620259), there were 80 base substitutions in the 900-bp long nucleotide 
sequences and 9 AA substitutions in the 300-AA long sequences. 
For phylogenetic analysis using SSU rDNA alignments of 44 taxa, 
regions judged to be poorly aligned, and characters with a gap in any 
sequences, were excluded from subsequent analyses; 1,745 characters, of 
which 382 were variable, remained for subsequent analysis. Maximum 
likelihood analysis was performed in program PhyML (Guindon and 
Gascuel, 2003; Dereeper et aI., 2008) which is provided on a website 
[http://www.phylogeny.fr/]. Probability of inferred branch was assessed by 
aLRT (approximate likelihood-ratio test), an alternative to non-paramet-
ric bootstrap estimation of branch support (Anisimova and Gascuel, 
2006). The phylogenetic tree, constructed with the present trypanosome 
and the database sequences, is given in Figure 3. The present trypanosome 
obtained from the ball python located closest to T. varani, followed by 
Trypanosoma sp. Gecko (AJ620548). Trypanosoma scelopori (U67182), a 
North American lizard trypanosome, and T. cascavelli, a Brazilian snake 
trypanosome, and other American reptilian trypanosomes, formed a 
distinct clade. All the members mentioned above, however, are known, or 
thought, to be transmitted by sandflies (Ayala, 1970; Minter-Goedb10ed et 
aI., 1993; Viola et aI., 2008). 
Eight months after first observing trypanosomes in culture, we learned, 
by chance, that the infected python was still alive. Again, peripheral blood 
was taken into an EDTA-containing tube, and 8 blood smears were 
prepared. After staining in Giemsa's solution, the blood smears were 
examined thoroughly at a magnification of x200 under a light 
microscope, and 26 bloodstream trypomastigotes were detected. All of 
these trypanosomes were further examined under oil immersion at a 
magnification of X1,000. Arbitrarily selected, but undistorted, well-
stained trypanosomes, 13 in total, were photographed at this magnifica-
tion and then transformed into photographs in Adobe® Photoshop® v.5.0 
(Adobe Systems, San Jose, California) and printed at a higher 
magnification. Measurements were performed on these printed photo-
graphs (X 1,820 of the original size on the paper) by use of a digital 
curvimeter type S (Uchida-yoko, Chuoh-ku, Tokyo, Japan), when 
necessary. Stained blood smears are deposited in the National Science 
Museum, Tokyo, Japan (specimen nos. NSMT-242 to NSMT-250). 
The bloodstream form of the trypanosomes in the blood smear had a 
broad body, 51.8 ± 4.2 Ilffi long and 9.8 ± 1.3 ~m wide, including the 
undulating membrane (Fig. 4). The free flagellum was decidedly short, 
being 4.2 ± 0.5 ~m in length. The kinetoplast was located closer to the 
posterior margin of the nucleus. Table I compares morphometric 
characters of the present trypanosome with T. varani and T. voltariae. 
The latter species was recorded from a black-necked spitting cobra (Naja 
nigricollis) in Ghana, and the drawings of the bloodstream forms by 
Macfie (1919) resemble those of T. varani as well as of our specimens. 
Indeed, it is difficult to differentiate among these 3 isolates, based solely 
on the morphological criteria. Wenyon (1908), when he described T. varani 
from Nile monitor lizards, simultaneously reported another trypanosome, 
Trypanosoma najae, from a black-necked spitting cobra. He observed 
trypai9somes in fresh blood samples, but failed to prepare stained 
trypanosomes. The trypanosomes he drew (see Figs. 1 and 2 in Plate XV 
of Wenyon, 1908) were rather slender, appearing different from stained 
trypomastigotes of T. varani and T. voltariae. Fantham and Porter (1950) 
recorded Trypanosoma sebae in African rock python (Python sebae) 
distributed in sub-Saharan Africa; this species is characterized by small 
77 
80 
61 
99 
T. c. cruzi (AF359467) 
T. c. marinkellei (AJOO91 SO) 
T. dionisii (AJ0091 52) 
Trypanosoma p. Sat (AJ012418) 
T. rangeli (AJ009160) 
T. uespertilionis (AJOO9166) 
90 1'. conorhini (AJO 1 2411 ) 
Trypanosoma p. Kangaroo (AJ009168) 
91 T. musculi (AJ223568) 
T.lewisi (AJ223566) 
T. gro i (AS175624) 
97 T. kuseli (AB175626) 
T. otospermophili (AB 190228) 
T. microti (AJ009158) 
Trypanosoma sp. shrew (AB242823) 
,...----- T. minasense (AB362411) 
'--- ------1'. bennetti (AJ223562) 
...-------T. corvi (AY461665) 
T. auium (AY099319) 
T. auium (U39578) 
T. auium (AJ223570) 
T. cyclops (AJ131958) 
T. theileri (AJOO9164) 
80 Trypanosoma p. Deer (AJ009165) 
T. grayi (AJ223565) 
Trypanosoma p. nake (EU095839) 
Trypanosoma sp. ndfly (EU095838) 
1-----1'. cascauelli (EU095837) 
100 T. sce/opari (U67182) 
'--------.-.:=ol Trypanosoma sp. Gecko (EU095837) ~ 
T. ct. uoroni (AS447493) ............... 
77 
99 
88 
T. uoroni (AJ223572) 
T. therezieni (AJ223571) 
T. neueulemairei (AF 119810) 
T. rotatorium (AJOO9161) 
T. mega (AJ0091 57) 
r---, .. -------1'. ranarum (AF11981 0) 
70 T./allisi (AFI19806) 
'------- 1'. chattoni (AFl1981 0) 
100 
99 T. granulosum (AJ620551) 
T. cobitis (AJ009143) 
.---------1'. triglae (U39584) 
L..---- T. baissoni (U39580) 
'------- T. binneyi (AJ132351 ) 
0.02 substitutions/site 
Straln-"levoIMT3663" 
Bat: Phyllostomm discolor (Brazll}-lsolate- "B7" 
Plplstrelle bat: Pipistrellus pipistrellus (Belglum)-Isoate-"PJ" 
Egyptian fruit bat: Rouserrus oegyptiacus (Gabon) 
Dog: Conis /amiliaris (Venezuela)- Isolate-"RGB (Basel)" 
Piplstrelle bat: Pipistrellus pipistrellus (U.K.) 
Rat: Rattus rottus (Braz!l)-Isolate-"USP" 
Kangaroo: Macropus giganteus (Australia) 
I House mouse: Mus musculus (1)-lsolate-"LUM343 " 
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fl Brown rat: Rattus norvegicus (U.S.A.)-straln-"ATCC 30085" 
~ Field mouse: Apodemus specio us (Japan)-isolate-"AKHA" 
-0 Sibenan flying squirrel: Pleromys uolans (?-Imported to Japan) 
~ Richardson's ground squirrel: permophilus richardsonii (U.S.A.-Imported to Japan) 
I Field vole: Microtus agrestis (U.K.)-Isolate-"TRL 132" 
Formosan Burrowing shrew: Anourosorex squamipes yomashinai (Taiwan) 
Red-handed tamarins: Saguinus midas (7- imported to Japan) I Amencan kestrel: Falco sparverius (U.S.A.) 
VI Raven: Corvus/rugilegus (U.K.) 
~ European kestrel: Falco tinnunculus (Czech) 
iii Eurasian raven: Corvusfrugilegus (Czech) I Java sparrow: Padda oryziuora (Asia) 
Primates: 1acaca nemestrina and M . iro (Malaysia) 
Cattle: 80s taurus (U.K.)-isolate-"K 127" 
Fallow deer: Cervus dama (7) 
Tsetse fly: Glossina palpalis gambiensis (Gambia )-isolate-" ANR 4" 
I South American snake: Pseudoboa nigro (Brazll)-isolate-" 1 052" Sandfly: LUlZOmyia (Viannamyia) tuberculata (Brazll)-Isolate- "91 0" VI South American rattlesnake: Crotalus durissus (Brazil)-isolate-"425 " 
~ Western fence lizard: Salloparus occidentalis (U.S.A.) 
'g White-spotted wall gecko: 7orentola annularis (Senegal)-isolate-"Gecko" 
& Ball python: Python reginus (Ghana- imported to Japan) 
I Monitor lizard: Varanus exanthematicus (Senegal)- isolate-"V54 " Short-homed chameleon: Columma (: Chamaeleo) breuicornis (Madagascar) 
~ Edible frog: Rana esculenta (Yugoslavla)-Isolate- "ATCC 3064 1" 
~ American bull frog: Rana catesbeiana (Canada)-lsolate- "B2-1I" 
:0 Afncan toad: Bu/o regularis (Amca)-isolate-"ATCC 3- 38" 
~ Amencan bull frog: Rana catesbeiana (Canada) 
E American toad: Bu/o americanus (Canada) 1 Leopard frog: Ranapipiens(U.S.A.)-isolate-"ATCC 50294" 
I Eel: Anguilla anguilla (U.K.)-isolate-"UK" 
-£i Freshwater fish : oemacheilus barbatulus (U.K.) 
u:: Sea robin: 1'rigla lineota (7)-lsolate-"fTMAP2212 " 
I Senegal marine ray: Zanobatusatlanticus (Senegal)-isolate-"rTMAP 2211 " 
Platypus: Omithorhynchus anatinus (Australia)- isolate-"Australia H29" 
I R 3. n unrooted rna imum-likelihood phylogenetic tre ba ed on an alignment of rD equence , and con tru ted by PhyML 
( uind nand Ga cuel, 2003' Dereeper et aI., 200 ). Branch upport c re calculated by aLRT ( nt Imo a and a cuel, 2006 , and expre daft r 
multipli ation by 100 are gi en at node. The Trypano oma cf. varoni examined in the pre nt tudy i indicated b an arrow. 
b d dimen ion 20. 24.0 ~m long b I. 2.0 ~m wid, and an 
anterior! I cat d kinetopla t ith a di tance of about I.~ ~ bet een 
the rounded anterior end and th kinetopla 1. Morphologica lly T sebae i 
di tinct from T varani and our 
Tel~ rd (1995) pro ided Ii t of re orded repti lian tr pano orne: 42 
alid p ie from 5 aurian pecie ' 14 a lid p ie from 19 turtle and 
10j.Jm 
I R 4. Trypoma tigote of Trypano oma f. varan; in the blo d of an import d ball python from hana after iem a tain . 11 phot graph at 
the arne magnification. K, kinetopla t· ,nucl u . 
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which had host records from different genera of an identical family 
(Telford, 1995). Arantes and Fonseca (1931) conducted an experimental 
inoculation of Trypanosoma butantanense from a Wagler's snake 
(Waglerophis merremi; Colubridae) on colubrid snakes of 6 different 
genera, as well as pit vipers of 3 different species (Viperidae), and on toads 
(Bufo paracnemis). He observed parasitemias in all of them. Similarly, 
Viola et al. (2008) conducted cross-infection experiments using an isolate 
of T. cascavelli from Crotalus durissus (Viperidae) with Bothrops moojeni 
(Viperidae) and Oxyrhopus guibei (Colubridae), and found the morphol-
ogy of trypomastigotes in the bloodstream from the latter 2 species to be 
indistinguishable from that in the original host. 
Viola et al. (2008) noticed the close association of T. varani and 
Trypanosoma sp. Gecko in the molecular phylogenetic tree, as shown here 
in Figure 3, explaining it as follows. Trypanosomes were isolated from 
hosts of the same African region that provided the same ecotope and 
sandfly vectors, which are possibly major vectors of trypanosomes for 
terrestrial reptiles of Savannah-like habitats. Trypanosoma varani has also 
been recorded in the Savannah monitor lizard (Varanus exanthematicus) in 
Senegal (Minter-Goedbloed et aI., 1993) in addition to the Nile monitor 
lizard in Sudan. When not considering the host of parasite origin, we 
could not differentiate T. varani from T. voltariae from a black-necked 
spitting cobra in Ghana, because both species highly resembled each other 
in morphology. Furthermore, the present trypanosome, from an imported 
python from Ghana, and T. varani, had no morphological differences and 
very few nucleotide substitutions in either the SSU rDNA or gGAPDH 
gene. Accordingly, we speculate that the present specimen from the 
imported python has a high possibility of being a geographic, or host-
specific, variant after recent host-switching of T. varani. To clarify the 
taxonomic position of the present T. cf. varani from the ball python, an 
extensive survey on reptile trypanosomes in Africa would be fruitful. This 
survey would be helped by hemoculture, as well as by molecular 
phylogenetic techniques, because we know that low parasitemias make 
microscopic detection of trypanosomes difficult in the blood of reptiles 
(Telford, 1995; Viola et aI., 2008). 
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BOOK REVIEW . .. 
A Color Atlas of Parasitology, by John T. Sullivan. Parasitology, 2130 
Fulton Street, San Francisco, California. 162 p. ISBN 10: 09665807-7-X. 
Normally, we do not include reviews for new editions of previously 
published books. However, I am making an exception in this case. One of 
my reasons for doing so is that the newest edition of this book is so much 
better than any of the former versions. Moreover, John is the publisher, as 
well as the author, of the newest edition. He has gambled that he will 
recover the cost for publishing. I hope that he does. 
I have been teaching parasitology at both the undergraduate and 
graduate levels for a number of years. Over this period of time, I have used 
a number of textbooks, most of which have been very good in many ways 
and not so much in others. For example, these books are not satisfactory 
as teaching tools for the laboratory. They are simply not designed for that 
purpose. For the labs, I have secured a very good collection of the old-
fashioned '2 X 2' projection slides. These have been scanned and added to 
my collection, which can be sourced by electronic means. Of course, many 
of these same photos are now available from a large number of other 
sources simply by 'Googling.' Even so, they do not always provide the 
student the best way of learning. What I have always desired is a succinct 
collection of images that the student can immediately source without 
having to search through so many different books, computer collections, 
etc., and while working at their microscope. 
With this new edition, I think the student problems have been resolved. 
The book is divided into 8 chapters plus an Appendix and a Table of 
Contents. The chapters include blood and tissue flagellates, lumen-
dwelling flagellates, amoebae and ciliates, spore-forming tissue parasites, 
blood apicomplexans, trematodes, cestodes, and nematodes and acantho-
cephalans. Each chapter begins with a listing of the micrographs that are 
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included, along with a very brief description of the parasites to be viewed. 
Each plate in the chapter has a legend, as well as a brief summary of the 
parasite's life cycle, In other words, it includes most of the basic, essential 
information that an instructor would like the student to take away from 
the lab. In most cases, a vector's image (if the parasite uses a vector) is also 
included. I should also note here that some of the plates include a single 
figure, while others include up to 25. In total, there are 145 plates with 
1,373 individual figures (by John's count). A separate disc that has all of 
the plates and figures is included with the book. 
John personally shot every micrograph in the book and the quality is 
absolutely superb. I could not find a single figure that was 'washed out' or 
blurry! Sources of specimens are included at the end of each chapter. An 
Appendix is designed to introduce the student to microscopy, 
Some may feel that the book's price ($42), along with $75-125 for the 
course's textbook is, overall, a little steep. A good way to cover the cost, 
however, would be to order several copies and simply make them available 
during the lab, year after year. 
As I've said above, this book is ideal for the kind of course I teach at 
Wake Forest, and I intend to use it. It is of exceptional quality. The 
micrographs are beautiful, the presentation is excellent, the paper on 
which the plates are printed is heavy, the choice of parasites is top notch, 
and the commentary prepared and supplied by the author is succinct, but 
thorough, I strongly recommend the book as a first-rate teaching tool in 
any introductory parasitology course. I am confident that it will be 
exceedingly useful! 
Gerald W. Esch, Department of Biology, Wake Forest University, 
Winston-Salem, North Carolina 27106. 
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